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ABSTRACT 

Theoretical developments   and  confirmatory  experimental  results   are 
given   for   (l)   an  oscillator  insensitive  to temperature   (over  a  limited 
range)   and  (2)   an  oscillator with   frequency  proportional  to  pressure. 

1.     A Temperature-Insensitive  Oscillator 

For  certain  purposes   it   is   desirable  to have   a pneumatic  oscillator 
whose   frequency   is   relatively   insensitive  to  temperature. 

Although the  speed  of sound  in   free  space   is  proportional  to the 
square   root  of  the  temperature,   the  complex  speed  of  propagation  of  a 
wave   in  a duct   is   a  function  of  the  distributed  inertance,   capacitance, 
and  resistance. 

The  magnitude  of  the   complex  speed  of propagation   in   a duct  of 
constant   cross   section   is   given  approximate! v   for  small   amplitude  waves 
by 

(1) r>  ^ - 
a1^ 

c 

W
2L2 

where   c  = complex speed  of wave  propagation 
a = free  speed of sound,   proportional  to  T^/2 

T = temperature 
R = resistance  per unit   length  of duct 
u) = angular  frequency 
L = inertance  per unit  length 

R and L in turn  are  given  for a circular duct by 

8TIU 
R = 

L = 

A2 

P 

T 
where y = viscosity, approximately proportional to T 

A = area of the duct 
p = density of the fluid used 
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On   tne   basis   of the   ideal   p;as   law, 

P   = PgT 

where  R-.  is   the   gas   constant   for  the   particular  gas  used, 

In   terms   of the  temperature   then, 

n 1 ^    ■- 

al 
C |        - 

1 
a2   TV^ 

^   A2   p2 

(?) 

where   aj   and  a.2     are   constants. 

Inspection  of equation  2  shows   that   for T =  0  and   for  T  ->• «s 
|cj   =  0;     consequently   |c|   has   a maximum value  at   some  temperature   and 
should be   least  sensitive   to  temperature   in   the vicinity  of  the maximum, 

It   follows   that   if  a uniform  duct   is   used  in  the  feedback   path  of 
the   oscillator,   the   frequency will  be   temperature   insensitive   if  the 
speed of propagation   is   temperature   insensitive  since 

u    -.^'^L (3) 

where   i  is   the   path   length   (which   in  many  oscillators  will  be  twice  the 
length  of the  duct  used). 

In  general   the   uniform duct  will  not  make  up  the entire  path   length 
of  interest.     This,   however,  will   affect  the  results  only  quantitatively; 
i.e.,   there  will  still exist  a range   of temperature   insensitivity. 

It  should be  noted,   however,   that   temperature   insensitivity   is 
ootained  at   the expense   of pressure   sensitivity.     This   can  be  seen   from 
equation  2 which  shows   that  whereas   for  large A,   the speed  of propagation 
is  pressure   insensitive,   for small  A,   the   propagation  speed,   and   conse- 
quently  the   frequency,   becomes  pressure  sensitive. 

Since   |c|   obviously   is  maximum when  the  denominator  of   (2)   is   a 
minimum,   for  the  sake  of simplicity  we  seek  this  minimun. 



1^^" 

1 a,   T3/2 
f 

T2       w2   A2   p2 

dD 2 
3a2   T1/2 

dT 

Setting this  equal  U   zero. 

f 

T3       ?u)2   A2   p2 

Uu)2   A2   p2 

This   gives   the  temperature  Tra  at which  the magnitude  of the  complex  speed 
of  sound  will be   a maximum  for a given  angular   frequency  ui,   static   pres- 
sure  p,   and cross-sectional   area A. 

The procedure  for making the oscillator  insensitive  to temperature 
in   the   vicinity  of  a given  temperature Tj   is   to  let.  Ti   =  Tm of equation   U. 
This  determines  the  required value of u)Ap.     For  a given  A and p,   this, 
therefore,  specifies   u. 

From equation  2,   |c|   is  then  given.     Finally  equation   3  is   used  to 
specify   i.     The  frequency   as   a  function  of  temperature   is   then  of  the   form 
of  figure  1.* 

We  expect  any  oscillator,  whether with   lumped or distributed 
parameters,   to  act  similarly  with   temperature   although   in many   cKses 
the materials  of the  oscillator may  disintegrate  or melt before  reaching 
the   temperature   at  which  the   frequency   is  maximum. 

The   frequency may  be  made even  less  sensitive   to  temperature  by   the 
following procedure. 

Let  the   feedback  path   length   i =   i]   +   I2   +   . . .   I n 

One   can   choose  ducts   of  length   tj,   £2,   etc,   each  of  a slightly 
different   cross  section   so  that   for a given   frequency,   the speed  of 
propagation   reaches   its   maximum at  a slightly   different   temperature   /or 
each   length.     The   frequency  will   then  be  given by 

2TI 
0)    - 

h 
- + 

h 
- + . . . 

1 
n +    

cn ci C2 

(5) 

♦ Figures   1   through 8  appear on  pages   12  through  19 
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A  simpler  procedure   is   to  use   a  converging  duct. 

By  use   of  this   technique   the   curv'  can  be   flattened   in   the  vicinity 
ot   i ts   naxi mum . 

Actu'illy   this   procedi. "»"'   is   not  necessary  because   small   ducts   of 
uniform  cross    lection   act   in   rmtny   resects   as   ronverp;in;T    lucts.      In 
[»articular,   because  of the   frictional  effects,   the  Mach   number,   static 
pressure,   and  static  temperature   are   functions  of  position   alon^  the 
duct;     the  Mach   number   increases   and   both   the   static   pressure   find  the 
static  temperature  decrease   in  the  downstream direction.     As   a  result, 
the  speed   of wave   propn   \tion   is   a   function   of  position   in   the  duct 
and  as   the   stagnation  tenperature   changes,   the sp«. ed  of  propagation 
increases   in   one   [art  of the   duct  while  decreasing   in   another  part   (if 
the  parameters   are   properly   chosen). 

Equation  ^   is   adequate   for determining  the   region  of  temperature 
insensitivi :y  with  A  and  p  given;     however,   this  may   require  excessively 
long   feedback   paths.     It   is   therefore   advantageous   practically   to  start 
with   a given   length   in which  case   the  calculation   is   somewhat  more 
cumbersome. 

^rom   (2)   and   ('•()  we  obtain 

|c|u  = 
t 

1 a2   TV? 

a,T7/2 
J   = (6) 

The   [rocedure   is  similar   to  that  previously  used;     i.e.,   the 
temperature   is   found  from equation  ^   for which  w2   is   a maximum  after 
which  A  and  p  are   chosen   for  a  given   I  to make   the  temperature maximum 
(i.e.,   the   region  of  insensitivity)   occur  in  the  vicinity   of   the 
temperature   at  which operation   is   desired. 

2.     A Pressure-Controlled  Oscillator 

Equation  6  shows   that  the  oscillator may  under  certain   conditions 
be   forced   to  oscillate  at   a  frequency   approximately  proportional   to  the 
pressure.     To  do  this,   it   is  necessary  only   to  choose   t.   A,   and p  so  that 



the   second   terra ur.der  the   radical   of equation  6   is   small   compare!  with 
the   first  term,   in  which   case 

whence 

.2   - 
■*-. 

T7/; 

?A2   p: 

a2 
•7/2 

2;/ p' 

P^Tt^aiAV 

5U   „   2   T5 t      a2      i 

(7 

U)    - 

:2TT)2   A   a 1/2 

^   T3/"   a,1/2 
(8) 

which   is  the   relation   desired   for a pressure-controlled  oscillator.      For 
maximum sensitivity  the   coefficient  of  p   in  equation  7  should  be  made   as 
large   as   possible  but  with   the   restriction   that   the  seconc'   term under 
the  radical  of equation  6   remain  small  compared with  the  first  term.     Since 
I  and  A  renter equation  6  as   terms   zC ♦he   fourtn   degree  but  A   is   only  of  the 
first  degree   in equation   7  whereas   f.   is   of second  degree,   it  follows   that 
a  reduction  of  i keeping  the   ratio  of k/l   constant  will   result   in   a  larger 
coefficient  of p without   a  chaxige   in  the  accuracy   of  the approximation. 

It   is  useful  to normalize  equation   7  as   suggested  by  J.   R.   Keto. 
Returning  to equation   1   and  using  the  previously  given  values   for  R,   L, 
etc,  Keto obtains 

1     r,,.,    ^1/2     ^l/2 

n/2 
{(l+i^)  '   - 1} (9) 

where 

and 

"o "   T 

n   = 
Aa 

hU p  = 
Aa 

WuRgT 

A plot  of UJ/W0  as  a   function  of n   is   shown   in   figure  2,  where   it   is 
seen   that   the  relationship   is   approximately   linear   for n   <  0.5. 
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3.     Kx-uerimenthJ.   Results 

The   oscillator testei   is   shown   in   figure   3.     A  tir.ary   ar.rlifier was 
used  because   of   its   higher   gain.      Aiir-'^ia: le   gain   is   :.•■•■:•■ i   to  ma/."    ;; 
for  the   attenuation  that  occurs   in   the   feedlacK   line.      Ir.   ;: !*•■     f  *.:.•• 
fact   that   a  binary'   amplifier was   used,   ari   output   that  was   almost   sinus )i ial 
was   obtained  because   of  the   filtering  action     f  the   fe»- ::  •. v.   line. 

Figure   U  shows   the   experimental   curve   in   the  vicinity   of   its   maximum 
for  the   oscillator whose   theoretical   curv^*   is  f?;iven   in   figure   1.     As 
expected,   the  curve   is   flatter   than   th ■■  simple   theory   predicts   probably 
for the   reasons   given;     i.e.,   the  Mach  number  in   the   feedback   line,   and 
consequently   both   temperature   and  pressure   in  the   line   are   functions   of 
posi t ion , 

The   temperature   region   at  which   the   frequency   peaks   is   shifted 
appreciably'   from the  theoretical   curve;     however,   error   is   to be  expected 
because   of  the  many  variables   not  taken   into  account;     these   include  the 
variations   of Mach  number with   positron,   the   capacitance  of the   ampli- 
fier  itself,   the  switching  time   of  the  amplifier,   and   the  nonlinear 
effects   due   to  the  waves  being of  large   amplitude. 

Figire  5  shows   that  with   a  feedback   line  of smaller  cross-sectional 
area,   the  pe ik   is   shifted  to   lower  temperatures   as   predicted,   and the 
frequency  then  decreases  with   increasing temperature. 

In   figure  6,   the  theoretical   frequency/pressure   dependence   is 
compared with  the experimental  values.     The   discrepancy  between   the 
curves   is   not  so  great   as   that  between  theoretical   and  experimental 
frequency  peaks,  but   is  undoubtedly  due  to  the same   causes. 

In   order  to  determine whether this  effect occurs   in  lumped  circuits, 
the  oscillator  of  figure  7  was   tested.     It  was   found  that   the   feedback 
resistance   could be   adjusted  to  obtain  a  frequency  peak   in  the  same 
temperature   re&lon.     The   curve   obtained   in   this   case   (figure   8),   however, 
is  not   as   flat  as  when  a duct   is  used  in  a distributed  RC  feedback 
oscillator. 

*The   curves   of  figures   1   and 6   are  obtained  using the  equations 
given   in  this  paper  and with  the   assumption   that   the  Mach  number  in  the 
duct   is   unity;     however,   it   should be  noted  that   the  Mach  number may  be 
appreciably   different,   from unity   at  the  duct   entrance   and  reaches   unity 
only   at  th^  exit.     In  addition,   the  assumptions  under which  equation   1   is 
derived  do not  hold  (small  signals, constant  viscosity);     hence, 
quantitative  agreement  is  not  to be  expected. 
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PRESSURE   CONTROLLED  OSCILLATOR 

Summary 

A   primary  component   in  the  development  of  a   frequency   modulating 
system   is   the   Pressure  Controlled   Oscillator  which   converts   a   pressure 
signal from  a   sensor into an equivalent  frequency. 

This   section  describes  the development  of  a  PCO.     A   schematic  is 
shown wuh   some   performance  lest  data  in  Figure   I.*   This   oscillator 
has  a  linear  relationship between   signal  input  pressure  and  output 
frequency  with  a  conversion  rate   of  over  800 cycles   per   second  pe: 
psi and  a  useful range  of  80 cps ,   (+   40 cps)  when  operating around 
100 cps . 

The  oscillator  is  a  feedback  type  that  utilizes  a  change   in  Jet transport 
time  to change  its  frequency.     This   is  accomplished  by  the design  of  a 
special  feedback  circuit  to effect   the  necessary  phase   shift   in  the  feed- 
back   loop to  obtain the   linear  relationship.     The  development  of  this 
oscillator was   preceded  by  a   survey  of  the  available  types  of  pure  fluid 
oscillators.      The  results   of  this   survey  indicated that   the   proportional 
feedback  type  was  most   promising.     A conceptional  model was  then 
developed  with  the  aid of   some  experiments.     The  mathematical   study 
determined  the  assign  requirements   for a   linear  characteristic. 

Preliminary  Evaluation 

In the  preliminary evaluation  of  oscillators,   to determine  which type 
was  most    .uited  cs  a  pressure  controlled  oscillator,   four  different 
oscillator techniques were evaluated.     These  are 

Feedback  Oscillator 
Coupled Control  Oscillator 
Load Sensitive  Oscillator 
Turbulence  Oscillator 

The  operation   of  each   of  these   oscillators   is   described   below  and  is 
followed   by   an   evaluation  of   their  applicability  as   a   pressuie  controll-'.: 
oscillator. 

Feeüback   C scillator 

The  feedback   oscillator  is   shown   in   Figure   2.     This   device   is   similar 
to the   standard   fluid  amplifiers.      The   output   signal   is   fed   bac<   anu 
♦Figures   start   on   page   33. 
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applied  as   a  negative   signal  at  the  amplifier's  control   port.     The 
amplifier  car   be  either a  digital     (bistable)     device   or a   stream   inter- 
action  proportional  element.     In  the  case  of  the    bistable  element,   the 
output   signal  is  fed  back  to  switch the  jet.     In  a   proportional  element, 
the   power   stream  is  continually  directed  by  the  difference  of the  two 
control   streams  and,   therefore,   the  output   is   essentially   sinusoidal. 
The  frequency  of the  feedback   oscillator is  determined  by the  transport 
time  of  the   stream  between the  nozzle  and  the  collectors  and  by  the 
passive  components   in the feedback   path.     A  bistable  amplifier exhibits 
a   sawtooth characteristic  in  its   feedback   path  as  the   pressure  builds   up 
to the   switch   level  and  then  decays  after the  device  changes   state.     A 
proportional element   has  to  have  considerable   phase   lag  in  its  feedback 
path     in  order to oscillate.     This   is  because  the  transport  time  of  the 
power  jet  from the  nozzle  to the  output  collectors   is   very  small  and  for 
a  given  frequency  the   phase   lag   is   small.     As  a  result,   the  feedback 
impedance  of this  oscillator  must  include  resistance,   inductance,   and 
capacitance  components  to obtain  sufficient   phase   shift  for the  oscil- 
lation  to occur.     The variable  frequency characteristics  are  obtained  by 
using  the  transport  time  of  the  jet  or its  variance  of  entrainment  which 
will cause  different  switch  levels  for the  bistable  device. 

Coupled Control Oscillator 

The  coupled control  oscillator  is  a  bistable  element.   Figure   3.     This 
element  increases  its  frequency   somewhat  as  the   supply  pressure   is 
increased.     The  frequency  of  operation depends  on  the  resistance  and 
inductance  and capacitance  effects  of the  inter-connected control  ports. 
When  the   pressure   is  applied,   the  resulting  jet  attaches   itself  to one 
of the  sidewalls.     This  introduces,   by aspiration,   a  negative  pressure 
in  the  control  port  of  this  sidewall,   and this   pressure  forces  fluid  to 
move  toward the  low  pressure  control  port.     The time  required to es- 
tablish  flow to the   level  that  will  release  the   power  jet  from  the   side- 
wall  is  then  determined by  the   sonic  transport time  and the  response 
time  of  the   passive  network  which  couples  the  control  ports.     By 
raising  the   signal  pressure,   ps  ,   a  decrease  in the   pressure   in  the 
attachment   bubble  occurs  and  as  a  result  it  increases  the  driving  force 
in the  interconnection  line.     This   increased  driving  force  is  dominant 
and the  time  required to obtain  the  necessary  flow  tc  switch the  element 
is  decreased for high  pressure   signals. 

Load  Sensitive  Oscillator 

The   load   sensitive  oscillator  shown  in  Figure   4   is ,   in a   sense,   the 
same  type  of oscillator as provided  in the  feedback  device  of  Figure   2 
except  that  the  feedback   path  is  along  the   sidewall  of  the  output 
passageway.     Again the  power  stream  signal  flow establishes   itself  on 
one   sidewall and a  negative  pressure  in the  attachment  bubble   holds  the 
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jet to the  sidewall.     However,   in this  element,   as  a   pressure  rises   in 
the   loaded  output   passage,   the  attachment  bubble   is   broken and  the 
power jet  is  released from  the  wall.     The  jet  then  attaches  itself  to 
the opposite  sidewall and  the   sequence  of  events  is  repeated.     In  this 
type  of  element  the  time  required  for the  pressure  to  break  the  attach- 
ment  bubble  is  determined  by  the  output   leg  volume  and the  flow  rate 
into the  volume.     As  a  result,   the time  for a  cycle  of  events  to occur 
decreases   as   supply  pressure  increases. 

Turbulence  Oscillator 

The  turbulence  or Bell amplifier  is  used  as  a  bistable  element   md 
changes   state  by a transition  from a   laminar to a  turbulent  flow regime. 
This  element  is   shown  in  Figure   5.     These  amplifiers can   be  made  to 
oscillate  by a  simple  feedback  connection.     In  this  arrangement  the 
initial jet  is   laminar and the   pressure recovery  in  the  output  is  high . 
This  output   pressure  is  fed  back  as  a  control  signal  to cause  the 
laminar  jet to become turbulent.     When the  jet  is  turbulent^ tne  output 
pressure  is  decreased.     As  the  output  pressure  falls  the control  signal 
is  reduced  below a  certain  level,   and the  jet  returns   to its   laminar flow 
condition.     This  device will change frequency  somewhat as  the  signal 
jet's  Reynolds  Number is  increased but  the  time  required for the  laminar 
condition  to be  re-established  is   the  most  significant   part  of the  response 
time . 

Evaluation 

In evaluating  all the  possible  variable  frequency  oscillator approaches, 
the  classical  feedback  oscillator,   shown  in  Figure   2,   has  demonstrated 
that  it  is   sufficiently  stable  to  perform  the  desired  function.     Each  of 
the  other approaches  has    definite  drawbacks .     The  coupled control  port 
oscillator  is  relatively insensitive  to  signal  pressure  variation.     This 
is  because  the  increased driving  force  obtained  by  the  decrease  in  the 
bubble  pressure with increasing   pressure  is  for the   most  part  compensated 
by  a  requirement for a  high   switching  flow  level.     The  result  is  that   no 
significant  change  in frequency  occurs  with increasing   supply.     The  load 
sensitive  oscillator  by its  very  nature  is  insufficiently  stable,   expecially 
when  coupled to another element  which varies  its   load.     In  the  turbulence 
amplifier the  switching  cycle  is   primarily governed  by  the  recovery  time 
of the  jet   stream from  the  turbulent  conditions.     This   is  the  predominant 
effect.     The  frequency  of  oscillations  are  far  below  any transport  time 
that  can  be computed by the  time  constant  of the  feedback  path.     As  a 
result,   this  element  is  rather  insensitive  lo  supply   pressure  changes. 
The  evaluation concluded  that  the  feedback  oscillator  provides  the  best 
method  to obtain a   stable  oscillator which will convert  a  signal  pressure 
into an  equivalent  frequency. 
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Feedback  Oscillator 

The feedback  oscillator can  make  use  of  either the  wall attachment 
phenomenon  or the   stream  interaction   principle  to attain  the  gain  nec- 
essary for  oscillation.     The   stream  interaction  proportional amplifier 
was   selected  because  of   its   stability  and  becaose  the  jet  transport  time 
could  be  used  as  a   means  to vary  frequency.     The  bistable  device   seems 
to be  more   susceptible  to random  noise  af   the   input.     For  example,   if  a 
fluctuation  is   in  or  out  of   phase  with the  returning  control  signal,   the 
element will  change   state  early  or  late. 

After some   study  and  a  few tests,   a   method to obtain  a   proportional 
variable frequency  oscillator was  devised.     The  basic  concept  of  this 
oscillator is  a  negative feedback  in which  the  gain  is  greater than one 
and the  oscillation  frequency is  determined  by the  frequency  at  which the 
phase   shift  around  the  feedback   loop is   180  degrees  as  described  by 
Bode's  treatment  of  instability.     The  phase   lag around the   loop can be 
considered  to be  made  up of the  transport   lag  and the   phase   lag  of the 
RLC  components   in  the   passive  network.     The  transport   lag  is  related to 
the velocity of the  fluid and,   therefore,   this  decreases  as  the  pressure 
signal increases.     Figure   6  shows  graphically the  phase  angle  frequency 
relationship for the  transport  lag  and  the  feedback  lag.     Note  that the 
phase  shift  of the transport  lag  increases  with frequency  and that  the  lag 
introduced  by the  RLC   components   increases  up to  180  degrees  and  there- 
after remains  constant.     If these  two  phase   lags  are  summed,   they will 
produce  a  phase   shift  curve which is  zero at  low fiequencies  and  increases 
toward  infinity  as  the  frequency  increases.     At the  point  where  the   summed 
phase  shift  becomes   180  degrees  the  unit  is  unstable  and this   is  the 
frequency  of  the  oscillation. 

If the  pressure   signal  is   increased, the  transport  lag  decreases  and  hence 
at  any  specified frequency the  transport   phase  lag  also diminishes.     In 
effect,   therefore,   the  transport   lag  curve  moves  to the  right  with  in- 
creasing   supply  pressure.     Now,   for the  higher  supply   pressure,   the 
phase  lag  components  can be added and  i*   will be  found  that  *he  point 
at  which the   18ü-degree   phase   shift  occurs   has  moved  to a  high  frequency. 
This   is  the  mechanism  of generating  a  frequency  dependent  upon   supply 
signal  pressure. 

The  next consideration  is  to determine  the  design which will yield  a 
linear relationship between the   supply  pressure and the  frequency.     It 
can  be  seen that  the   shape  of  the  transport   lag  curve  does   not  change 
with  supply   pressure  but  moves   only  from  the   left to right.     However, 
the  RLC   lag  curve  can  be  designed for  various  frequencies   and   slopes  by 
choosing  appropriate  components  of  resistance,   capacitance,   and 
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inductance for the feedback path. A mathematical analysis was performed 
to determine the feedback network necessary to obtain a linear character- 
istic . 

Analysis 

In   order  to  analyze   the   oscillator's   performance,   the  equation   for   phase 
shift   around  the   loop can   be  written: 

4>v + 4)   = °n 
(i) 

and therefore  differentiating  with respect  to frequency 

y   -  transport   phase  angle 

Cf^ -  feedback   phase  angle 

OJ  -  frequency 

The  first equation  is  necessary for an  oscillation  to exist.     The 
second  equation  is   required  if the  oscillation   is  to have  any  frequency 
range  and  not  exist  only  at  a  unique   point. 

Assume  that 

4> =«y?F- p (3) 

(4) 

where    'P,    is  the   phase   shift  contribution  of  the  transport  time  and 
Q       'S  the  phase   shift  due  to the  feedback  network. 

The  phase  lag  due  to the   RLC  feedback   network   increases  with fre- 
quency.     Therefore,   the  transport    phase  angle  must  decrease  with 
increasing  frequency   to  satisfy the  condition  of  equation   (1);     the 
total   shift around  the   loop  is  constant  at   180°.     Inspection  of 
equation   (3)  indicates  that  the  pressure  must  vary  as  frequency  to 
a   power greater than  two  if  the transport   lag   is   to uccrease  with 
increasing  frequency.     Since  relationships   between  pressure  and 
frequency  other  than   linear were  not   of   interest,   the  feedbaL<   network 
must  be  designed  to  have  a  decreasing   phase  angle with  increasing 
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frequency.     This   can  be   accomplished   by   an  RLC   network   with  a 
leao-laa   compensation.     In   the   frequency   range   where   the   phase   lead 
is   effective,   the   network   will   have   a   decreasing   phase   angle   with 
increasing   frequency. 

For  a   linear  pres   ure  controlled  oscillator  tne  transport   phase   angle 
will   increase   as  J~<ZP     .     This   can   be   shown   by   substituting 
into  equation   (J).     This   substitution   results   in  equation   (  ). 

^ - Jji7 
A (5) 

If   the  transport   phase   angle   increases   as   square   root   of  frequency  , 
then  the    feedback   lag  must   decrease   as   the   square   root   of   frequency 
to  maintain  the   180°  phase   shift   around   the   loop.     The  uesign  of  the 
feedback   phase   angle—frequency  relationship governs   the   relationship 
between  the   pressure  and  frequency. 

The  desired  feedback   network   was   obtained  by  usmg   an   RLC   followed 
by  a   lead-lag   circuit.     The   electrical  analog   can   be   shown  as   follows: 

—T TöTT» \M/ 1 1 

1 r\ 

R 

The   network   relationship  between     0/Pi is   defined   as: 
In 

Rt 

P,n 

i?1+i?: 1^ 
S +1 

\R,+^/      V^.+ R,.        R,*^^       \VRz     R^R
t 

s + l 

This can  be   simplified   by   actual  values   to the   lollowing: 
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Since  the   time   constant  Tj   u   smaller   than  the  time   constant  T2 , 
the   phase   relationship  appears   as   in   Figure   7. 

The  feedback   network   has   a   decreasing   phase   lag   between  the   fre- 
quencies cJ,    and   cJ*     ,   as   snown.     Included  on  this   ; lot   are  the 
phase   lag-frequency  characteristics   for   three   input   signal   pressures: 
P),   ?2'   änd   P3.     The   associated  frequencies   at which   the   sum  of 
the   phase   lags   are   1B00  are   cj,     tO,    and   O. /  respectively. 

A  more   general  analysis   can   be   performed  to  show  how  the   functional 
dependency   between   pressure  and   frequency  is   determined   by  the 
feedback   network .     Equation   (2)   defines   the  condition   for  the  oscillation 
to exist   continuously  at   other  frequencies.     If  tht    definitionsof  equation 
(3)   and   (4)   are   substituted   into  equation   (2)  the   P   vs oJ   functional  de- 
pendency  on  feedback  design   is   determined. 

To  perform  this   substitution,   assume   that  f   (cO)   of   equation   (4)  can 
be  approximated   by  the  function 

ch   .-  ^ K ^ (b) 

for the frequency  range  of  interest. 

Differentiating  equations   (3)  and   (6)  with  respect  to frequency  results 
in the  following  expressions 

2- ' 

and 

d to 

P 
Ju 
Z i£ J (7) 

-   - n Koo n-i (8) 

The   sun       of   equations   (7)   and   (8)   is   the   definition   of   equation   (2). 
Summing   these  equations   and   using   the   general   pressure   frequency 
relation, 

P--A OO 
rr\ 

(9) 

The  dependency  of   m  on  n   is   obtained.     This   dependency   is 
obtained   by   noting   that  the   solution   must   be   independent   of   fre- 
quency.     The   relationship  between   m   and   n  is: 

m ^ 2.(i-n) (10) 
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For   hncar   pressure  to  frequency   characteristics   n   must   equal   1   2. 
This   means   the   phase  angle   due   to  the   feedback   network   depends   on 
frequency   in  the   following   manner: 

/K    —   Q)    — |/  /T"!n (For the   useful   range   of  this       (11) 
*i. ^ L ^ device) 

Equation   (9)   defines   the   other   pressure-frequency   relationships   that 
can   be   obtained  with  a   feedback   network  whoso   phase   angle  can   be 
approximated   by   equation   (b) .     These   relationships   arc: 

for P   =  OoJ n  =  1/2 

P   - C/ÜT' n   =   3   4 

P   - C OO'1 n  =  3/2 

The  function  P   =  OJ        where   m   is  greater than   2   can   be  obtained   by 
a  feedback   network  whose   phase   angle   frequency   relationship  is 
defined  by  the equation: 

(^  r    \<con 

For  the   case,   P   = A to  ,   the   functional  relationship  cannot   be  obtained 
because   the   transport   .jg   will   remain  constant,   that   is,   independent   of 
frequency.     This  function   can   be   approached   in  the  design  of  a  con- 
stant  frequency  oscillator. 

The   linear  P  vs   Co     relationship  has  a  gain  or  conversion  rate  given 
by 

The constant A depends  on  the  other  system  constants  and  a  mean- 
ingful  expression  can  be   obtained   by  using   equation   (1).     This   ex- 
pression   is 

Galn-_^=f.(J!L^L_4.K)' 
The  gain  or conversion  rate   depends   on  K,   I. ^  o   and   OJ      .     K  and 
n   are   related   to the  damping   ratio.     As  the   damping   ratio  increases   n 
decreases.     This   increases   the  conversion  rate   but   since  n  is  defined 
for  a   linear   pressure-frequency  ehe racteristic/th yonent   n  does   not 
determine  gain.     These   constants   are   related   to  the   pressure   range   and 
distance     ?tween   jet   nozzle   and   receiver.     In   general,   for   a  fixed   1, 
the   hign       "he   operating   frequency,   which  means   the   higher  the   piessure 
range,   the   less  the  conversion  rate. 
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Development  Tests 

The  experimental  approach  was   pursued  to  obtain   a   linear   pressure 
controlled  oscillator  with   a   jseful  range     of     70  to   BO  cps   centered 
at   100  cycles   per   second.     This   operating  frequency  was   selected 
because   it   can  easily   be   handled   by  existing   digital   systems. 

The  experimental   method  was   used  as   a   means   to  determine  the   effects 
of   the   non-linearity   in   the   oscillator  characteristics.     It   also  permitted 
some  optimization to  be   performed.     Several  minor  design  variations 
such  as  collector wldLus ,   distance  between   power  nozzle/ and  receivers 
were  made  to a   silhouette  that   gave  a  nearly   linear  relationship.     These 
models  were  designed   in   silhouettes  and  fabricated  by  means  of  the 
Optiform   process.     The  elements  were  then  tested  by  use  of the   hot 
wire  anemometer and  a  frequency  to DC  voltage  converter.     The  test 
arrangement  is   shown  in  Figure   8. 

The  test  arrangement  was  designed  to  plot,   on  ar.  X-Y recorder,   the 
characteristic  relationship  between  pressure  and  frequency.     The   input 
pressure  to the  oscillator was   monitored by  anemometer and a Statham 
pressure  transducer.     The  output  frequency  was  detected  by  means   of 
a   hot  wire  anemometer  and  displayed  on the  oscilloscope  for visual 
monitoring.     The  anemometer  signal  was  also fed  into the  frequency 
meter which gave  a   DC   output   voltage  directly  proportional  to the  input 
frequency.     The  output  of  the  frequency  metei   provided  the  other  input 
to  the X-Y  recorder.     The  typical X-Y  plot  of  the   performance  of  the 
oscillator  is   shown  in   Figure   9. 

The   exceptionally   large   noise   is   characteristic  of   the   frequency-to 
d.c.   converter.     The   noise   is   the   same  when  the   converter   is 
driven   by  an  electronic   sine   wave  generator,   so  that  this   noise   is 
definitely  not   due   to  the   pressure   controlled   oscillator. 

The  characteristic  of   Figure   9  is   linear.     Figure   10   shows  other charac- 
teristics  that  were  recorded.     In  the  first  case  the  frequency  pressure 
slope   increases   with  increasing   pressure,   indicating  that  the  effective 
phase  angle-frequency  relationsnip  is  too flat   (high  damping  ratio).     The 
second  curve   shows  a  decrease  of   slope  as  the   pressure  increases   and 
this   indicates  that  the  damping   is  too  low.     Figure   11  shows   still 
another  characteristic.     In  this  figure  the   slope  of  the  curve  increases, 
then  remains  constant,   and  then  further  increases.     This  effect  is   due 
to  the  non-linearity  of  the  resistance.     Increasing  the   stream velocity 
increases   the   resistance   and  thus   increases   the  damping   ratio.     For  a 
limited  range  the  increase   in  resistance  is   compensated  by the  reduction 
of   the   damping  ratio which  results   from  the  frequency   increase,   but   in 
this  case  the  damping   atio was   not   completely  compensated for  by  fre- 
quency  and  therefore  this   :haractenstic  resulted.     This  difficulty  can 
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be   avoided  by  carefully  designing   the  other  time   constant   in  the 
feedback   network.     It   is   also   important   to  remember  the   second   time 
constant   is   somewhat   coupled   to  tne   RLC   circuit,   and  therefore   this 
influences   the   performance   of   the   oscillator. 

frequency   response   tests   were   not   formallv   conducted   but   some   tests 
were   performed  which   showed  that   the  oscillator   is   capable   of   follow- 
ing   frequencies   up  to  half   its   operating   frequency  with  no difficulty. 

Tests   of  frequency   variation  with  temperature   were   conductec:.     Analysis 
shows   that  the   frequency   should   increase   as   the   square  root   of   the 
total    temperature  but  the test  results  indicated  that the  frequency 
increased  in  a  manner  somewhat   less than  this.     This  frequency  tem- 
perature  test  data   is   shown  in  Figure   12.     In  the   system  it  is   anticipated 
that  two oscillutors  will  be  used  and  both  oscillators  will  be   subjected 
to the   same  temperature  environment.     As   a  result   changes   in  frequency 
due  to temperature  will  not  greatly  influence  the  accuracy  of  the   system. 

Figure   13   shows  a   photograph  of  a  PCO  output  trace.     The  upper   trace 
is  a  wave  of   550  cps  and  the   lower trace   is   a  wave  of  45  cps .     These 
traces  were  made  with  the   same  PCO element  by  reducing  the   size  of 
the  feedback  capacitance.     Figure   14   shows  two traces  of  a   linear 
pressure-controlled  oscillator at   80  and 120  cycles.     Both traces   are 
essentially   sinusoidal and  very  noise  free.     Figure   15  shows  an  oscillator 
performing  at  frequencies  of  275 cps  and  180  cps.     The  interesting  part 
of  this  figure   is  that  each  trace was  repeated   50  times  in  the   photograph. 
This   indicates  the   stability  of  the  oscillator. 

For a  fixed  oscillator element  the  feedback  can  be  changed  in  order  to 
select  the  operating  frequency.     But,   with  a  fixed  element,   higher 
frequencies  require, higher  input   pressures.     For example,   the  element 
shown  in  Figure   1  will  oscillate  at  80 cps   for one   inch of water  pressure. 
This   same  element  will  also  oscillate  at   500  to  600  cycles  for  one   psi 
input   pressure,   provided   suitable  resonant  frequency  changes  were   made 
the  feedback   network.     In  general,   high  frequencies  c^n  be  obtained  with 
low  pressures   provided  smaller  elements   are  used.     And conversely, 
lower frequencies  can  be  obtained with  high  pressures  if   larger  elements 
are  used. 
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Conclusion 

In   summary,   the   pressuiu  controlled  oscillator developed  is   an  excellent 
analog  to digital  converter.     The  reason  for  its  excellence   is   its   high 
conversion rate,   and  noise  free   signal. 

This  element  can  be  designed analytically  and  made to work   in  accord- 
ance  with design  theories.     However,   some  testing  is  necessary  because 
the  fluid  system   is   somewhat  non-linear.     The  analysis  presented   shows 
that  it  is   possible  for this  element  to  perform  different functions.     These 
functions  are  related  to the  feedback  network  design.     In  addition,   if 
the  feedback  network  quality factor is   sufficiently  high,   a  very   stable 
frequency  oscillator can  be  built.     The   one   major advantage  of  this 
device  is  that  it  is   an AC   device and  can  operate  at  extremely   low 
levels  much more  efficiently than  DC   or continuous  flow devices . 

For  matching,   this   pressure  controlled  oscillator has  an input   pressure 
range  which is  compatible  with the vortex   rate   sensor.     Figure   1   shows 
that  the  gain  of  the  oscillator is  about   30  cycles   per  second  for  1  inch 
of  water change  of  input   pressure,   and  the  freauency response   of  this 
oscillator   is  at  least  half  of  its  operating  frequency;    that  is,   about 
50  cps. 
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FLUID DYNAMIC äFr'iGTS UF LIQUIDS  IN  dLASTIC TÜBiiS 

R.W.   Besanl and V.   Srirvlvas 
Division of -onlroi  engineering 

Uaiversily of oaskatcnewan 

PAKT A    THiiORY 

ABS iKA31 

In this pap-ir a theoretical analysis is raade of the frequency 
roGoon3a of liquid flow in an elastic line for a load at one end and an 
input oscillator at tne otr.er end.  Interaction, transverse and longit- 
udinal wave modes are analysed for tne system by linearizing tr.e general 
partial differential equations of motion for tne liquid and tne elastic 
tube and by superimposing second order effects on the first order 
equations.  The results yield different superimposed resonant frequencies 
for each wave mode and they should be valid within the bounds of tne 
assumptions mado. 

1.  INTPiODUr-TION 

The dynamic operation of fluid state devices using liquids at 
high pressure may cause significant wave effects in tne connecting elastic 
tubing.  excessive resonant oscillators could strongly influence tne 
performance of digital, on-off and proportional systems.  Tne pnase lags 
associated with wave motion may cause instability in closed loop -lontrol 
systems since phase lags of 180 degrees or more are easily obtained. 
Finally, signal attenuation ana aispersion that occurs in transmission 
lines will reduce the information conveyed arid the power output. 

Witn finite disturbances in liquid filled elastic tubes, waves 
may be transmitted in several modes; each mode nas unique wave velocities 
and damping characteristics.  Usually tne dominant wave effect for c-. 

List of Symbols 

Ö   -    effective bulk rooculus 
C -    phase velocity 
E   - A i-i/A      Young's mcdulus 

f. = viscoolastic damping 
modulus 

shear modulus 

function defined in 
equation 18 
function dofined in 
equation 21 

/?(V^ = function defined in 
equation 27 

J   --& 

K = n fj)f 

L ~ load end  subscript 
P = pressure 

jpfy)= orossuro eu-plitude 

p = pressure perturbation 
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oscillating  liquid  in an elastic   tube is due  to  the  interaction of   the 
inertia  effect of  the  liquid  ani   the capacitonc-j  effect of the   tube.     If 
tne  liquid   is  sufficiently  compressible  tno  combined  capacitance  effect 
of  liquid compressibility and  of  tube compli-ince  is  used  to analyze  thia 
type of wave motion.     ölher wave modes   that have  been observed  in such 
systems  are   the  transverse  and  the  longitudinal waves  in  the elastic 
tube. 

Tne probl.'rr of unsteady  flow of viscous  liquids  in elastic 
tubes   is   not  a  new one.      Aiomson     investigated  dynamic   liquid waves   in  an 
infinite   thin walled   tube.     Morgan anu  Kiely^  analysed  unsteady   viscous 
flow  in an   infinitely  long elastic   tube.     Womersley-^  re-examined and 
extended   the work   of .Morgan  and  Kiely  for viscous   flow   in an elastic   tube 
and  applied  the results  to   the case of blood  flow.     Junger^,   interested 
in acoustical  systems,   analysed  the notion of  the  surrounding fluid when 
pressure waves passed  througn an  infinite  tube.     Dragos^  showed   the 
existance of a uniquely established  solution for  the movement of a viscous 
liquid  in an elastic   tube.     Other authors concerned with minor elastic 
effects  In  fluid  filled  tubes  have included   the   interaction type wave in 
their analyses. 

In  this paper linearized equations  for   tne   flow of a viscous 
incompressible  liquid  in an elastic  tube are considered.     The frequency 
response of loaded and unloaded  lines are analysed  by  considering the wave 
modes  separately.     First,   the  interaction  typo wave  is  considered  and   then 
tne  transverse and  longitudinal  perturbations are included. 

List of Symbols     (Cont'd) 

r = 

R  - 

t  - 

radial space coordinate 
resistance coefficient 

resistance coefficient 
perturbation 

internal tube radius 

external tube radius 

time 

Ur
("xrt)=    radial tube dis- 

placement 
\ _ radial displaoement 

amplitude 
axial tube displacement 

^ (r\  .  axial displacement 
amplitude 

IA^V    axial velocity 
amplitude 

\/(Vry= radial velocity 

l//xrt). 

%(*) = 

y 

7 = 

X = 

v = 

radial  velocity per- 
turbation amplitude 
axial  velocity 

axial  velocity per- 
turbation amplitude 
average  axial  velocity 
perturbation amplitude 
axial  spacial  co- 
ordinate 

C I (O 

viscoelastic damping 
term 

l.amo's elastic co- 
efficient 
Lose's elastic co- 
efficient 
liquid kinematic 
viscosity 
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2.     TH£ BASIC PRINCIPLES 

2,1     Assumptions 

For  this  analysis of dynamic  fj.ow of a  viscous   liquid  in an 
elastic  tube   the  following assumptions are made: 

1. The motion is  axlally  symmetrical. 
2. Trio  tube  is  elastic,   nomogeneous and  isotropic vith viscoolastlc 

type damping characteristics. 
3-     Tno liquid is incompressible with constant properties. 
I*.     ?ne  flow is  laminar. 
5.     The body  forces are neglected. 

2.2    The Basic Differential  Equations 

Using the  above assumptions  the basic principles yield  the 
following partial differential equations: 

for fluid continuity 

for fluid momentum in the x direction 

for fluid momentum in the r direction 

for tube momentum in the x direction 

,' p .(XfzA^   +(^(l£r - " W 

-0 

(3) 

List of Symbols  (Cont'a) 

1°   -    liquid density (b   - ^J U -   *"  

e' =    tube density .   = ^ , ^  

<T  -    Polason's ratio '^  t J1^ ^ 
tO   - frequency 
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for  tube noitentuc  in   Lha  r airection 

?*Ur 
'     S>rM    T 

These equations  are  slmpliflod by  ne^lecling  terms of second order or 
higher   (see Appendix  1)   to give only 

it      fa*       r   * 

vr.ero  the linearized dar.plng ten; H la  theoretically prodictea  in 
Appendix 2. 

3.     FREQUENCY R£SP0N'55 OF i^^a.^ WITHOuT  rRA.'.'SVSRSZ k\Vj LO.'.'GITUDIN'/vL 
USE WAVSS 

It can be shovn    that  tne phase velocity c of a  liquid dis- 
turbance in an elastic   tube is governed by equation 6 and  by  the equation 

i^t^O (7) 

where    £ -    -—   « f *       is  the wave  velocity of the interaction of 

liquid inertia and  tube compliance. 

Cocbinlng equations  (6)  and   (7)  results in a damped wave equation 

jf- 7 r at sy' { ' 
Those  two equations   (?)   and  (8)  determine  the  frequency respons»e of wave 
disturbances assuiEed  to  be of tbo form 

Equations  (7)  aüd  (8) may be rewritten in the form 

ay + ^ e =.o (?) 
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ur.ore       ^ * - -L (Lü1 -     ^ <^] 

I:' w.-e mp-t- ar.^ loac wna of ir.o lu: 0 ;.rt :ür.o^ea by ir.'j subscripts 
O £»-nJ 1- re^poctlvoly, tr.a pressure ana velocity responsos are obtainoa 
as 

^^/^; _     =— rM> 

L ^     P (L ,J^>)J 

V^IL.J^; __  ^^ 7 T^j 

p ( L.   J^J I 
wnere      — -_ is aefinoü as ine xoad impeüancö ur.icr. 'S 

CLT. explicit function of load, inertia, capacitance am resistance as uexi 
as tne frequency of oscillation.  rhe metbod of tneoretically estimating 
tne load ir.pedanco for a linear second order systoir. is given in Part B. 

Two limiting cases can bo deduced froni equations (11) and (12). 
Loaa Ir.pedanco is infinite for a closed end pipe and tne velocity ratio 
given by (12) becomes zero leaving inn  pressure ratio 

Similarly for an open end pipe, load impedance is zero and only the 
velocity ratio is applicable, nence 

U.     fllrl^JSN'GY RESPO.N^^ 0?  rTOW DUE 70 T:iA.NSV£:G^ WAV£S IN TH2 TuBS 

In audition to the interaction wave of tube cocipliance and 
liquid inertia, transverse waves in tne elastic tube i^ay be induced in 
pulsatile flow.  The first order terms for transverse waves with visco- 
elastic damping reduces equation (5) to^ 

If radial disturbances of the type 

Ur(xt)    =r    Ur(X)  4°^ 

are considered, equation (13) may be written in the form 
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If  the bo'jnuary conditions are   Laxe;,  to     a 

"■, 
t0)" T^h^^^]'- *'* 

Ur[L )     *   O 

then  the  solution of   (H)   i3 

^r " x. tl[cos((py) -cor(<pL) !>IM((p*)] (is) 

Theso radial oscillations of tr.o tubo wall must be accompanied by small 
perturbations of tr.e main axial flow.  These perturbations in fluid flow 
•nay be estimated by using the appropriate form of equations (1N, (2) and 
'3)  in conjunction with equation (H) and its solution equation (15). 

ma 

( 

To predict  the radial  component of the velocity perturbation 
the  second order  terms of equation  (3)   are  taken as 

Considering disturbances of the   type  [/ (yrt)~ ^f(yr)e  equation  (16)   trans- 
forms into 

whore  the boundary  conditions for  this  equation are 

or, C ^, r • o) = o 

The solution of  (17)  is 

Aj-r =  i(*.jv) I,«') f/a) 

where «-("^ffh 
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arid 

Fror, equation (' ; ana {2) ine axial component of velocity 
purturbationc aue lo transverse oscillalions rr.ay be oatimated. He- 
writing equation  M)   in tr.e   form 

^3 >     ^ 
<5r r 

and  substituting equat-ion  ('3)   into this yields 

^ ;<'  ^ Ü Ü.*(<px) + Cor{(pL) COS{Cp>c)Jro{Kr) 
Vy 

09) 

For  small oscillations  of  frequency   <*)    equation   (2)   may  be written  in 
the  form 

3 ezo i 

The solution of this equation is 

Vx -r    d(X , J«J) I0(*r)    - -~c Iv + CONSTANT 

wnere K. O^)/^ 

(21) 

Tr.e boundary conaitions for equations (19) and (21) are taken as 

Finally wo get 

/V*   ■  —   ~ 
J*J *,&*["*(<*>*)+co r(<pL) COS(^^)][IJ^ -UK(ii 

^l^^-loC***)] 
where  the average axial porturDation vo".Qity is 

AT     =1 
rr -<l 
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J^K.Pc <L K KK 
I (** K)  _ IJKRjJ[s^(<P>J^CoT((PLJC0^X] 

^ (p^(cPL) I/K^JII-IJKZ 
(^) 

The resulting axinl  pressure  oscillations   ö'   ma^   be evaluated  by re- 
writing equation  (7)   in  the  form 

Ö 
(23) 

ho nee 

P' * 3-K (. P,K[h K**-) -I. (**')]['"(**) - corgL)**«?*)] i 

hCx^jj-Ux^)] 

P>'    / Tne consequence of this  equation is   that the pressure response     L-/Po ~0 
Also from  (23)   it can be  shoun  that  the ratio of input velocity to input 
pressure  is  given by 

hence  equation  (22)  nay bo written as 

?k - 
Vn 

5.     FRZ^USJCY RZS?0:iSZ OF FLOW  X£  TO LONGITUDINAL WAV£S  IN  IMS TUBE 

Longitudinal  tubr  waves may be induced by several  causes such 
as viscous  fluid  shear on  the  tube wall or a load  that is not fixed,   etc. 
Proceeding as  in section A the  terms in equation  (O  of second order for 
longitudinal  tube waves are  given by^ 

\l r r 2*U, 
f> 

a'Cfn 
^      3     dt9*1 

(2+) 

For oscillations of frequency uJ   this equation may be rewritten in the 
form 

its) 
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wr.ore (i/       -          

Conaidering ouly sho.-ir Inauced oncillationa uilh ine laput und fixed ar.d 
Iho load one free tne dlst-ribution of shear fcrces may bo est.ii^ated frora 
oqualion  (2)   in the   form 

^ +-3I - vf^J* + ± ^1 -- O 

where  the  tenn    0~-~~.x       is conaiaored  of  third order.     Considering 

oscillations  of  tno   form 

Vi(*rt) -  YCxr) 4 Ju) t 

this equation may bo writAen 

The boundary conditions for this equation are taxen as 

Hence the solution i.s 

V, (*. r, iv) -   ^ (*■ >*>) [ij*') - IS K ^)] 
whore ^ r     s , * ,M/ to 

Tr.e  function     ^i/V,J'o) ~ay  be  formed  from equation  (10)   which gives 

Tno  sr.oar stress  on  the  tuoe wall  at       y <=■   R<     is  then 

hence the  force on  the   tube per unit length is 

If this  forcing  term Is  now included  in  the equation of motion of  the 
tube we  get 
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7r.e boundary conditions  for  this equation are  taken as 

ay 
The   solution of  (28)  with   tho  above boundary  conditions is 

Finally  the porturbation of  the  average axial   flow velocity 
nay  be used  in conjunction with equation  (10)   to  give  tho   frequency 
response of pressure and velocity for the  longitudinal wave porturbation 

/. o (30) 

Po        PoL (3I) 

6.     DISC'JiJION OF THEORETICAL RESULTS 

The  theoretical  results show that  the   frequency response of  an 
oscillating viscous  flow  in an elastic  tube,   including a load,   can be 
analysed,   subject to t-he   issumptions of Appendix  1   using a linearized 
approach  to  the basic  equations of motion.     fhe rosistanco  tenn of  the 
basic  equation of axial flow  (2)  was linearized  in  the  form given as  it 
was   thought  that  this approach  could be readily  extended  to turbulent 
flow or  to non-Newtonian laminar flow provided  the  resistar.ee coefficient 
R could  be  theoretically or experimentally evaluated.     Since Womersley'a 
solution  gives  tne  same variation of " with frequency  it was felt  tnat 
tne approach used in the  analysis of the resistance coefficient R was a 
valid  one.     doth  the interaction and   the   transverse waves must be used 
for   the  evaluation of the  resistance  coefficient.     Also,   it should be 
noted  that  the main flow equations   (7)  and  (8)   have  a  simpler form  than 
those of  the other authors,   but,   some of this  advantage is lost when 
considering  tho resistance  coefficient or the other wave perturbations. 
It would  appear that  tho  analytical approach used  in  this u.ay have  sone 
slight advantage over other authors because of its  simplicity and 
generality. 
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["r.o  solution  ir.  tnis  paper yields  iho  s:ir.o  result as 'norrursley 
.or  ir.ü pnase  velocity  of  tr.e  intoruction wave.      IVjit  Is   the pnaso 
vjlocily of  tr.is w^ve   tends  to  zero   lirectly  wi tr.   freqaency  or   iadirectly 
witn viscosity.     For   zero  viscosity  or   infinite  frequency,   tr«e   solution 
■ lelds   tno sar.e  result as  Lar.b .     rr.o.T.son  in  r.is paper naa   tne  pnase 
velocity of  tnis uavo   tencing to a  finite cor^st.'int.     It  is  not knoun 
wn.or.  result is  correct as  experimental  verification is  vory difficult, 

but  it  is believed   tnat  the  results  are  valid  for ^ R, 
u 

greater  than one  as  confirmed by  the  e^erimontal   tests  in Part  B. 

APPENDIX I 

ORDER Or MAGNITUDE OF BA5IC TSKKS 

Rewriting  the basic equations  and giving the order of mag- 
nitude of the  terms of  tno equations we  have: 

T.     For continuity 

the  terms  are of order    uJ 

2.     For   y.   momentum of the  fluid  in  the  form 

the terms  are of order ^O C     except tho  convective acceleration 
terms which are of order    uO  Vo*** 

3.     For  f   momc.itum of the fluid  in the form l     . 

the terms are of order    -r  (ö7"V»A*X     except the convective 

acceleration terms which are of order     ^^^^ f*L!df'] 

0 

4.  For the axial and radial momentum equations for the tube the 
radial derivatives are considered negligible, that is 
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{$%)** ( vxj*** 
5.    for fluid flov tha following assumption ta made; 

, »   ^   » £ (gj 
APPi^DXX 2 

3STIKATI0N OF THÜ R^ilSTANCZ COSFFICISrtT 

The danping effects of shear forces in  the main flau and of 
radial perturbations of tho  tranaversa waves are estimated in this 
section by considering the main flow and  tho perturbations separately,. 
Longitudinal waves  in the  tube should not change  the resistance co- 
efficient appreciably.     Tho main oscillatory   I'low is considered  to be 
without a radial velocity component,  whereas,   the radial velocity per- 
turbations are considered to be induced by the tube wall oscillations. 

Similar to thu case of longitudinal wave perturbations in the 
tube section the main flow is given by 

A_comparison between equations  (2) and   (6)  show that the average velocity 
1^   over a croas section is related to  the average viscous  term in the 

equations by 

^/7   . .of^-t J- ^1 
i 

It may be shown that  the resistance coefficient is given by 

R   - f^[hJt(^r^o(^<)] 
Similarly for the perturbation velocity given in the form as 

given in tho section on transverse waves 
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nonce 

,     /fo ?!,(* R<)  1 

When the perturbation resistance coefficient is related to the ir.ain 
flow the co-tbinsd resistance coefficient becotnes for no end effects 

/? 
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In this paper öxporixental results .re presented for an 
oscillating liquid flc1 in a lorg elastic tube uitn as\z  without load. 
Tne frequency response of pressure ana velocity for each case 
corpared to the computed results based or. the tneory of Par* ... 
addition the phase lags are also presented.  Two different wave 
were observed in tno experimental results, interaction a:.; tran^v 
These waves showed strong attenuation and diapers en witn frequency as 
indicated by the theory.  Results are ^ "asent id in dimensional ar.a non- 
dimensional form. 

1.  INTR0DUCTI0U 

The analysis of an oscillating viscous flow of a liquid in an 
elastic tube is discussed in Part A. 

In this paper results are presented for the frequency response 
of pressure, velocity and phase lag o. a no load and a loaaed elastic 
transmission line using water as transmission fluid.  The oxperiiiental 
set-up is described.  The experimental results are presented in both 
dimensional and non-dimensional form and they are discussed as compared 
to tno computed results predicted by the theoretical analyses of Fart A. 

A great number of workers have done experiments on trans- 
mission lines^ut very few have reported observing more than one type 
of elastic wave.  Only one group, D'Souza and Oldonburger , has reported 
observing resonance with a second wave effect.  Due to the type of load 
they selected, an orifice, they got a longitudinal wave resonance in the 
tube.  This was analysed by neglecting wall shear forces on the tube and 
by including damping at the orifice but not in the tube.  Taylor^ 
experimented with oscillating viscous liquids in a long rubber tube 
terminating in a constant pressure reservoir.  No resonance effects 
were observed in his system since, at high frequencies (up to 28 c/s), 
waves were attenuated and at low frequencies the termination was 
modified to eliminate reflection. McDonald^ in his book. Blood Flow in 
Arteries, discusses the measurements of several workers who have tried 
to measure longitudinal extensions and radial extentions in arteries. 
While radial extensions are significant, it is difficult to draw 
definite conclusions about longitudinal strains.  Bassett^ experimentally- 
tested the no load case. 
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2.     SXPSRIMSKTAL TEST S2TUP 

The  experimental  treat, setup -.SOG  IS  scnematically  illustrated 
in Figure 1   for the no  load ca^e ari.j  in  Figure       fcr   t,r. :  ca     . 
Tne power supply was   tne   same  for  bot;   ^ases.     kn hyaraul;c 
mechanism using a linear hydraulic  cylinaer for a  load w^     -^e ;   to 
actuate a piston that oscillated saline water in ai. elastic   tube. 

Figure 1   illustrates  the no load  case where  the  elastic   tube 
discharged fluid  to and  from a reservoir at constant pressure.   For  tms 
case a natural rubber  tube 2A.2 feet long^/^ inches and  5/'16 incnos 
inside and outside diameters,respectively,  was used. 

Figure 2 illustrates  the  load case where  the   saline water was 
used  to actuate a column of mercury in a U-tube as snown.     inis  simulates 
a typical second order load.     A 10.S-feen  tygon  tube was  selected for 
this case with inside and outside diameters of 3/^6 inches ar*j   5/T6 
inches,respectively. 

Tine instrumentation was  the  same for oo th cases;   velocity and 
pressure were measured at input and output.     Tne input velocity was 
measured by a fixed induction coil with a raoveablo  iron core attached 
to the hydraulic ram.     The output velocity was measured by a full flow 
electromagnetic flowmeter.     Both pressures were measured by strain gage 
type transducers.     Transducer signals were amplified and recorded on a 
strip chart.    Static and dynamic calibration of all the transducers 
indicated that they had sufficient accuracy,   sensitivity and band- 
width for all the test runs. 
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3.     THS NO LOAD RESULTS 

Figures  3 and 4 present the  computed and  the experimental  test 
results  for  the  no load case.     Two  experimental runs were  conducted for 
this case;   one for lou amplitude oscillations and anotner  for high 
amplitude oscillations.     Tne amplitude of oscillation was held  constant 
within 5 percent for each test run.      »no  experimental pressure  response 
was zero for  the  no load case,   as predicted by the tr.eory;   hence it is 
not presented.     The  theoretical vjlocity frequency response  for   the no 
load case is presented for various resistance coefficients  in ri.nire  3 
by using zero load impedance.     Tne phase  lag for velocity with  the  no 
load case are presented in Figure i..     The experimental  results  for phase 
lag are within 5 percent of the computed results for both test runs. 

The effective bulk modulus for this case is estimated in 
Appendix 10 
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A.     TH'£ LOAD R.'^JLTS 

Figures   5,6 and 7 presonl  the  oxperimontal  and  corr.putod 
results  for  the  load case.     An ost-irrvition of  tho second ordor linear 
load  is  given  in Appendix 2.     Kesult-s  are presented  in aimensional and 
non-dimensional   form in Figures  5 and  6.     The non-dimensional  terms ore 
presented  in Appendix 3.     Figure  5  presents  the pressure  frequency 
response from  tho  tost resultn and  from results computed   for various 
resistance coefficients.     Figure 8  estimates how  the resistance co- 
efficient should  vary with frequency for   tnis case.     The  velocity 
response is presented in Figure 6 for  the load case in tho  same form 
as  Figure 5.     The phase lag is  presented fc;    ^nly one resistance co- 
efficient for both pressure and  velocity in figure 7,     Other resistance 
coefficients would  result in similar phase lag results. 
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5•  DiS ^u-),.?IC!J 0' Rx,>->ui-,AO 

The ^asulls proson^ed in Lr.is paper Lena t*D jusLify tr.c 
theorolical analyses of Part Aj nowover, a number of important 
l^rr.iGallons should bo noted.  IV.e flow was ossenlially lar.mar, l.'.e 
tubes were relatively long, and the frequency rangu consiueroa was 
slightly above zero and of moderate bandwidth.  In aaainon, a nu.T.ber 
of uisturbances may tena to cause sor.e discrepancy between i:.v   co.v'nutca 
and tne experimental results.  und effects wore considered ^mal. ^r. tne 
long lubes used.  Nonlinear elastic benaviour could co present cut it 
should be slightly different in the two different types of tubes ased, 
natural rubber and tygon.  Figure 9 in Appendix 1 showj now tne OULA 
modulus varies with pressure for the tygon tube.  Flow disturbances 
euer, as periodic turbulence or cavitation could have noen the greatest 
cause of irregularitieo.  These two effects may cause increasea 
resistance and capacitance.  Cavitation was not observed du-.ng test 
runs, but, it could have existed to a small extent at tne input end 
wnere the flow could not be observed.  No tests were conuuctoa for 
turbulence^but maximum Reynolds numbers were kept below 5000 for tne 
maximum velocity tost run and 3000 for the lower velocity amplitude 
test run. 

The no load test results showed several interesting point . 
The resistance coefficien'o increased with frequency and with amplitude 
of oscillation.  These effects are predicted by tne tneory altnough no 
computed results are presented for this case.  Tne experimental results 
indicate that only the interaction type wave gave rise to any measure- 
able resonance effects and that tho phase velocity of this wave 
remained nearly constant over the frequency range considered.  The theory 
also predicts the phase velocity nearly constant over this frequency 
range.  Further studies of tube properties will be necessary before 
additional transverse or longitudinal wave resonance effects can be 
predicted accurately", however, the theory does predict tne resonance 
frequencies accurately when they do exist as in tho load case. 

The load case indicated similar results to tne no load case. 
The resistance coefficient increased with frequency amplitude as 
predicted by the computed results in Figure 8.  Tne slight discrepancy 
between tne two may be partially accounted for by the fact that 
damping was not included in the load.  The results obtained r.ore are 
similar to those of Taylor.  The test results indicate that only tne 
interaction type wave resonance is present for the pressure response, 
whereas, both the interaction and the transverse wave resonance were 
measured for the velocity response in Figure 6.  Tho test results show 
that the phase velocity of the transverse wave haa increased measure- 
ably as indicated by tho viscoelastic damped wave results corputed for 
this case.  Longitudinal wave resonance, which would nave occurred at a 
much higher frequency, give*, no measuraable result.  Tne high damping co- 
efficients indicated in Figure 8 would tend to predict this result. 
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The computed results prosentoci in all graphs CLTC tr.ou^ht 
to be very accurate except for a very snail region uhero to Lenas 
to zero,     oomo  of  the Bossol function ratioa uera indelerminato at 

U) z O. 

APPÜiDIX  1 

TOS EFFglGTrVr) BUU MQDJLUS 

It  is  well known  that when  liquid  is used  in pipe  lines,   tno 
elastic nature  of  the pipe lines decreases   tr.o of fee live  bulk  modulus 
of the liquid.     Here a method is shown  to estimate  the effective  bulk 
modulus of the  liquid using the  equation  for  tube expansion as 
applicable  to  thick  cylinders under  constant pressure witnout und effect. 
7ne radial expansion   Aur   of tr,o inner radius     ft       of  the?  tube when 
subjected  to an  internal pr      are change   Ap   is  given by 

*«r-   "i  ^:\^0*<rfKJj-.   ~LA -   "lA P  = K^P 

If a unit length of tube  is  considered,the change  in fluid 
volume per unit length resulting from  the pressure   p      is given by 

tube is 
The  volumetric strain in the  fluid and internal volume of the 

/        n-l?,'        8'    r   ER, 

Hence  the effective bulk modulus is 

8 6'       ER. 
Figure 9 shows the theoretical effective bulk modulus of tno water in 
the tygon tube for the 1oad case.  Curve A shows the linear case, Curve 
B shows the nonlinear case with load pressure applied from zero to /o^ 
in one increment and finally Curve C shows the effect of small increments. 
Curve A was used for calculations. 
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APPENDIX 2 

LOAD IKPED;..^::-: 

Neglecting the damping effects of mercury in a glass tube^ 
the forces acting on the mercu y  are water pressure and gravity. 

"or oscillating disturbances this can be rewritten 

A
L L j uj 7 

The velocity ratio of the elastic tube to glass tube is given by the 
area ratio 

^ - ^ 

Hence  the load impedance is 

APPENDIX 3 

NONDIMENSIONAL TERMS 

The interaction phase velocity   C  gives a resonant frequency 
ZT!C 

iAjn ~    i"]"    •       Using     ^Jn   as a reference frequency we got  the 

following non dimensional  terms 

^n  L k; _^_ ^-      --   Rn 
^        fc1 r^ 'r\ 

Since the load must be matched to the tube for each case in which the 
wave velocity arid length are varied, the results should not be construed 
as universal.  However, if the load is matched to the tube conditions 
as required by the pressure and velocity response equations, then the 
nondimensional theory could be applied. 
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List of 3yr-bol5 

K-- 
e -- 

C   = 

F - 

J   = 

L = 

mL = 

K5 = 

area of glass U-t,ubo 

elastic tubo flow area 

offectlve bulk modulus 

bulk modulus of water 

Young's moculus 

FT 
tube  length 

mass of mercury load 

pressure 

pressure at load 

pressure at input to tube 

resistance coefficient 

gravitational spring constant. 

e= 
^ = 

tf - 

phase  velocity of interaction wave     ^ 

Ur - 

M 

nor. -inonsional   resistance 
roofficiort 

inner radius of olastic 
tube 

outer radius of clastic 
tubo 

time 

radial tubo displacement 

volume 

K_=    load velocity 

(T -    Possion's ratio of elastic 
tube 

f* -    water density 

UJ   =    frequency 

^n -    resonant frequency 

VL -    Velocity at load end of 
elastic  tube 

V0 ~    velocity at input to 
elastic  tube 
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ABSTRACT 

The theory of characteristics Is applied to determine the tran- 

sient response of rectangular ducts to a step Input, The step input 

Is generated by a unique film-snatching apparatus. The output pulse 

of the duct Is shaped by a nozzle termination and by the addition of 

side branches to the duct. Only subsonic flow is considered. Experi- 

mental result-s that  confirm the theoretical predictions are presented. 
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In order  10  lesion  f.':i-i  ai:.p. ii'ierf   il.i'   vi   1  meei    -er'ai' 

performance  specifications,   it   is  nec^ssa^;,   l:   Kr. w  the   :''.an."i" 

characteristics   if  thp  units.     If  tv.e amplifier   is  a  proper'.:   :.al 

ievice  operating  or. smal.  amplii^ie  signals,   ihi   iynan.ic  proper- 

ties  can be   letern.ir.ed   latisfa ""tori 1;,   using  li:.eBr-ize:  eq->iti  n£ 

and  the  static  perforrrar.;e  ciorves.     However,   Ms'a'le   ievl"es 

genera,.;/  operate  or.  large amplitude  signals,  which  cause  sizeatle 

reflections   -.t   discDntinuities  and   termiriations.     These  ref ections 

have been noted by Keto    1)   and by Katz,   Winston,   and  Hawes    2   . 

This  tvpe  of disturbance   is  present  both  in  the  amplifier proper and 

in  the  connecting  lines  o^ ducts.     Therefore   it   is  especia. I;.-   irrpor- 

tant  to consider  large  amplitude waves when bistable  units are  being 

staged. 

The mass  flo</ req  ired  to switch a bistable amplifier  is an 

important  parameter.    Generally  this  flow passes  through a  nozzle  o" 

an orifice at  the  control  input.     It; a static experiment  the  pressure 

and  f.ow at  Lhe  control  on  the attached  side   is  slowly   ircreased 

until a  switch is obtained.     Dynamic experiments at KTL have  shown 

that  switching  can be accomplished at a  lower steady-state  control 

pressure  if the  control  input   is  applied  suddenly  ir.stead  of gradually 

The  sudden application of a  signal   is  similar  to  the   condition  that 

exists when one bistable unit  is being switched  by  the  output or an- 

other bistable  device.     In such  cases  there  can be  periods when the 

transient  flow through the  control  port  is greater  than the  stead.v- 

.;tate   level.     This  difference   is,   however,   not  large  enough  to 

accourt  for  the  difference  between static and dynamic  switching. 

The  nltimate purpose  of  this   investigation  is   to obtain a 

better understanding of the   dynamic performa:.:'e  of  bistable ampli- 

fiers.     This preliminary work,   however,   is  concerned  only with  the 

effects  of reflections  of  finite amplitude waves   in  fluid   lines. 

A rigorous analysis   Df the  problem is  not  feasible.     However,  by 
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making suitable  assumptlor.t,   the  prollem car. be  treated  \y   »he n.etb   : 

of characteristics. 

In many  cases,  bleeds or side branches  ar*1- used  in  fluid arrpll- 

fler  systems.     These  have beer,   ilscus^ed  b;.' V'a^ren    3'   as  steady-state 

load  decoupling  devices.     The  effect  of Heeds  on   i^iamic  slgrals   1: 

not  so well   known,   however.     Ir.  this   pap^-r,   a  stud;;  is  madf-   Df  the 

effect  of bleeds  on  the  output  velocity of a  duct when  the   input 

pressure   is  a  step function.     The   flow out  of the  Heed   itself  is 

also considered.     The  analysi ;  presented  here   is  restricted   to sub- 

sonic  flow. 

IT   WAVES AN:- REFLECTIX'S I?; TUCTS 

Finite amplitude waves and reflections are treated extensively 

by Rudinger (A), Foa [5),  Shapiro U), and others.  Much of the 

background for this report is taken from their works.  In some 

fluid amplifier applications, reflected waves may be used to advan- 

tage while in other instances it may be desirable to eliminate them. 

One objective of this study is to determine the effect of geometric 

changes on the shape of the output pulse. 

The manner in which waves of finite amplitude are reflected de- 

pends upon three major factors— 1) the termination geometry, 

(2) the environment into which the wave is propagating, and (3N the 

properties of the wave itself.  If the end of the duct is closed, 

waves are reflected in a like sense, i.e., compression as compression 

and expansion as expansion.  If the duct is completely open at the 

end, the waves are reflected in an unlike sense.  Now consider the 

duct to be terminated by a nozzle.  In this case both types of re- 

flections are possible depending upon the nozzle ratio and the strength 

of the incident wave.  The nozzle ratio is defined as the smallest 

cross-sectional area of the nozzle divided by the cross-sectional 

area of the duct.  It 1. apparent that by a proper matching of these 

parameters, there may be no reflection at all from the termination. 

The duct is then said to be matched. 
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The  eq^ilior.L associate;  with nonsteal;.   fluid   fl^w are  ^attplex 

and are   ilffl^uli  to solve  tv  ar^lytlcal  procei'^res.     rortU!^ttel>.v  there 

is avallalle a graphical   or  r.-jnerlca 1  tvchr.lq^e  a:aptahlf    to  this 

t^.-pe  of problem.     This method,   kJ.ouT. as   th^   theory  c:'  c^ra^terlstlns, 

Is  used   In solving  differential  e^'jitlor^. 

'fthen writir^  fluid  equatior^,   one may  select which of  several 

variables   to use.     In  this  case,   it  has  beer,  found  aivantag^oos  to  'X e 

the   local  speed   of sound,   a,   and   the  local  particle  spe'-d  relative 

to  the  duct,    ;.     Having  chosen  the  variables   it   is   now necessary   to 

write  tlw pertinent equations   in terms; of  them. 

The   following assumptions are male: 

1. one-dimensional   flow  In  the  duct, 

2. ideal gas, 

3. isentropic flow, 

4. area unvarying wHh time, i.e., rigid walls. 

Using these assumptioriE, the continuity equation may be written 

in terms of a and u as: 

da 
  + 

da d u 
■>  a 

a x 
a - au 

6 Ink 

dx dx 

(I) 

y-i   d t       s -i 

where     A    is  the  cross-sectional area of the duct. 

The momentum equation  is 

0 

These  equationr may be  combined  to give 

d        2 d in 
a ±  O   + '. uia)    >  a±u)   = - au   

d u du 2         da 

dt 
+ u 

dx 
♦             a 

5 -1       dx 
2) 

(3) 

d t     y-i c3 x    y-l 
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It   Is   Jeslratle   to  •  '•. :'.::•■:..: lonal lZ'-   these  equations.     This 
2 

ii   nc'ompllshei   ttirough ::.. 11 Ipllca tlon ty    Isp  ar Ruilnger,   .,s,, 

where     l^.     Is   the  length  of  the  duct and    a       is  the ambient  speed 

of sound.    We  oltaln 

N2a u u a o      a u au^lnA 

^r    J-l    Br        ar ar '      ar d|     5-1    ar ar a2      ^| 

where 
r 

: 
->... 

L. 
r 

and 

r 

It  Is  convenient  to group the variables  in equation /,.    The 

new variables  thus   formed  are  called  the Riemann variables.     Th^y 

are  defined as 

2 a u 
(t.a) 

and 

y -1    a a 
r r 

2 a u 

ö -1    a a 
r 

Equations  A may now be written as 

a P u a     ^ P au     d InA 

v 



and 

dQ i 

a 

6Q au     ^ IrA 7.b) 

r 
These  two eq^tlons enable ':a  to solve  saoe  urjBteady  flow problems. 

Py  choosing 

and 

^ a 

a a 
r r 

a 
r r 

equations   '7.a)   and  (7.b)  become 

dP 

dT 

a? 

ar    af 
d^ 

dr 

and 

dQ 6 0.        dQ      d,^ 

au      ^ IrA 

a ar' 

au      a  InA 

9.B 

8.bl 

(9.a) 

(9.b) 

dZ        a^        ^       d- a^       3r 

Equations  (8.P''  and  (8.b)  designate the P-characterlstlcs and 

the Q-characterlstl';s.    Equations  '".a'  and  (7.b)  descrlV«  the behavior 

of  the    P    and    Q    waves along thes»   curves  or cliai-acterlstlca.     This 

will be of considerable benefit  lr. solving wave reflection prollems. 

^orslder the  pro.iera shown  In  figure  1. 

:QNSTAKT 

ENERGY 

SOUR^: 

.- SUTTTTER 

Figure  1.  Schematic  iVawlr.g of Nonsteady  Flow 

Problem under  "onsIteration 
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7h.f;   .uct   1^   iieperated   from the  source  by a  sh'.tler.     The   sh'Jlt.^r 

I.-;  mo'.-'-i   .'. :'>'r.l;.-,   allowlr^  a  ctep  f'ir/:: I o-   p\]-"   to '■•r.VT   the    iu^t. 

To aclv*'   '.hi.   prollom,   It   1J  necf-.sary  to .p'-'ir,    the ho':nda-r;.   condl- 

t i JPL,   at   th-r   e'.trance  ar.j  at   the   rxii   of     he    i.e.     A    -on. tant   etier^y 

source   1.    a. .  irri'-:  at   the   i':ct  er.trance.     This  ai:-iiriptl or    Ipais   to  a 

unique relation between  the    P    ar. :    Q    variables  at  th" entrance 

to  tfje   luct.     To   obtain  thl^  relation  tv.--  • r.er>;y eq'iation   1.   '^ritt^n 

In   the   form 

1 ''     n 1 a     n ^ a     - 

a ' - -1       a = f^l      a 10; 

Thv   >-flr.ition of  the Riemann variables  given   in equations  ' ) 

and   tht  energy equation     10Si  ma.,   '.ow b^  ^on.lln"J.     AT/T.  tliij   Is   done 

for a  specific  h.t  ratio of X"  -   l.A,   the  result   is 

5L_iiülLli2i 
tn) 

where the subscript  n refers to the entrance conditions.  Equa- 

tion ■11) represents the constant energy ellipse for the entrance 

to •'• e duct in ternu: of the Riemann variables.  This may be nondi- 

merißlonalized by setting 

and 

0  = 
P 

12.a) 

Q 

(I2.b 

38 



Now 

0     - n 

2w        ! 
r. i/l'.C  - 

n 
] 

13) 

This equation represents the constant energy level for any stagnation 

pressure, so we need to plot only one ellipse for all cordltlons. 

Figure 2 illustrates this curve. 

The boundary condition at the duct exit must also be specified. 

Thermod'/namic relations '/leid 
1 

  .   v^ 8/ 5-1     R     r ,  . 
p "  a )      e ^) pr     r 

where p is pressure, s is specific entropy, and the subscript 

r denotes reference conditions, which in this case are the ambient 

conditions. Since an Ssentroplc process is assumed,  s = sr, 

or 

P CV-1/2^  a 

The boundary condition chosen is that the exit pressure,  p , is 

equal to the atmospheric pressure, Pj,. Thus 

a 
 e 
a 
r 

= 1 (16) 

where a^ is the speed of sound at the duct exit. The exit 

relation is obtained by combining equations (6) and (11) for ^ = 1,4 

to yield 

P
e 

+ ^e = 10 (IV) 

where the subscript e denotes exit conditions. Equation (17) is 
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5.5 

V .0 

4.5 

cp    + 0    = 9.89 
e 3 

2e
n -   ^150 - 5 Stf2 

3 

4.5 5.0 5.5 

e 

FIGORE 2.    BOUNDARY CONDITIONS AT ENTRANCE 
AND EXIT OF DXT. 
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then the boundary conditior. a*. t:.e i^ri  exit Ir. terms cf the -'.•::.•' 

varj..lles.  It m&y be revrltter as 

i: 

e  a 
c 

a ;- 

which  ir  clso plotted   for  several   vxilues  of    a^ ar     In  t"lr;r"  <.f 

where    ao     is  the  stagnatlor.  speed  of sour.i.     luven a partic-.lar 

energy  level at   the  so'-^rce,   the   transient  flow at the  op:-   er.'   jf  the 

duct ma;.'  now be  determined   from flgur.- 2. 

For example,   if  the atagnatior.  pressure at  th"   f.'t  entraJ:ce 

is    p0  =  1.17 psig,   the  stagnation speed of sound   is  giver, ly 

—2 = ( )       =  {i.ovqn1'    =1.011     . 
ar Pr 

Now calculate the strength of the Initial pressure wave into the 

duct which is filled with motionless air, u = 0. To do this the 

starting point, denoted by subscript 1, on the ellipse must be ob- 

tained . From equation (t .b), 

V — = Tön " ^9^5 

(—£) (20) 
a 
r 

which locates point 1 on the ellipse.    As tho pressure wave propa- 

gates down the  duct,  0    remains  constant.    Now it mu le  determined 

which of the exit condition lines  is applicable  to J case. 

Equation 0^)   gives 

10 10 
0*0=    =    = Q  8^10 W2      ^2 a 1.011 

(—2) (21) 
a 
r 
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which determines   the   location of pol;:t  2  In  figure 2.     Point  3  Is 

now reached  by moving along a   :on. tant    9    line   to  the  energy 

ellipse.     Point  *,  Is  ■jetermlned  by a.   /ing along a  constant    0 

line  to the  exit  condlllon    0*6= 9.391.    This  procedure   ii   con- 

tinued until   steady state   Is  reached  at  the   Intersection of the 

two boundary  condition lines.     Since  both    0    and    9    are  known 

at each point,   the exit  velocity,   ue,  may be easily  calculated at 

each point   also.     Figure  3 shows   the   time  distance representation 

of the analysis  described above.     This  particular type  of plot  is 

often referred   to as a wave  diagram.     The  values  of    0    and    9 

are shown  for any point  along  the   duct at any given  time.    As  one 

proceeds  up the   time axis,   the  flow approaches  steady state and 

0    and    6    approach constant  values. 

The  experimental apparatus  designed   to test  the   theory  Is 

shown  in  figure  4.    A  strip of  film covers  the  entrance  of  the  duct 

as  the pressure   in the source  is  raised  to the desired   level.    Air 

flows  out  of  the  source and   Is  exhausted at  the  gap between the 

source and   the  duct entrance.     The   film strip  is  then brought  into 

contact with  the motor-driven friction wheel,  which pulls  the   film 

through thö   film guide at a high  speed.    Typical   film speed  is 

approximately  7^   fps.    This means   that  the  entrance  to  the  duct 

is uncoverea   in C.25 to C.30 msec.     This sudden opening allows a 

step pressure wave  to start down  the  duct.    The  flow at   the  exit 

is measured  by a  hot-wire anpmometer.     Since  the  voltage-velocity 

plot  is  nonlinear  for the  type of  instrument used,   one must  con- 

sider this when observing   'he  t-xperimental oscilloscope  plots. 

The  duct   is  a  0.50- by 0.25-in. rectangular channel,  which was  varied 

in length  from  1.25  to 27.25  in. in  the experiments. 

To ^upply a duct of this  size with constant energy requires 

a  source with a  very  low impedance.     Since  this was  not available, 
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T" 
FIGURE 3.  REFLECTIONS OF OiARACTERISTICS  IN THE 

OPQ^-ENDED DUCT, 
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Ihp  wlilh   of   t.h<-   t'ap,    i,   tt-cazob   a   ::•!'. I   al  a i J _ in,-',* ,      fM     ,-:.p 

:   t.^'.   -3   fe'-;ia~k   fror:,  -•fl-  --I.-J-   wl':!-. rr.\.. I  t'-   lar^f'  »•: O'o^^ 

„ource   fr  IT. ar.y   f*-*-^ a ■>.,     If  ' 

prt-, s-.r--  will    irop a;;   Ih-    i.t. 

be  Large  enough   to  pro^' r.t  a   f 

v ►• >-af 

j,  . r.o 

1:    la'.- 

••:.* rar. ■•-   I        I' '■•  ^ .     ^v"   »'tip - .. • 

:<•• ;   1 oa 1   to   'h*'   ; D.r-e.     r xp*-r I;;.'-:.' 

.-pWi . • . 1 • s wppp  pf-rform^ :   to  i^t^rir.lM-the jptLnrjE .'ap wiiih. 

arf  ;havT.   Ir.   flg-u^j   '.     '-ron.  the:^   r-.^l*^,   a  rap  wi •.'.■      f 

wa:    ^hoser..     The   r.'-t'a* 1 v"   fe^i^a'ik   '.^plc*»-!  a*   wilt! 

.37  In,   1.:  similar  to re-jultb   found  \\   "Ys-r.    "   . 

Flg'ire  -a   t±ws   the   -y.  :lllo  cope   plo'    .f  voltage   agair.üt   t LTIH 

for a   typical experiment.     Fxp»-rlment   lr   "ompar^i  with  theory   Ir. 

figure  *l.     The   theoretical  amplit.if  of  th«--  pulif  agrees  w^ll  with 

the experimental  results.     Since   tb-  hot wl" ■   1:    used   to meas'are 

only  the  midstream velocity,   the  '.-xperlmental   results   pxceei   the 

theoretical  predictions.    Even better agreement   Is  obtained   In  the 

time  coorilnate.    Thie   theoretical   time  required   for a  reflection  to 

travel   from the  exit  to  the  source and  return  to   the  exit   Is   calculated 

to be approximately  3/   msec   for a 2^-lr..   luct.     Th.l:   corresponds 

to  the  experimental  results  of between  3.., and  3.'   msec as  L. ■•:. 

In  figure  - . 

: Mf:Ts .vTTH !■ ■.':LK TERM::>A:T 'r;s 

Now   :onsl ■;• r  th-    iuct   to b"   t''rmlnatr-i  v. ;.■  various   nozzle  ratio: 

as  shown   In  figure  ". 

r... Lr, i 

Fig'ire Schematic of /uct Terminated 
..OZZi^' 
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I ■ y..:--: 1 LJ r   <        ' 
) ■     )'.. 

•  V 

TJ. „-^'     .1 ,:.  are&   at   •.KP   er.: 

• rj!*.   ,v.^  •    /zl--   length  IJ   . ). > 

•■   '.ozzl'i  HL:  a   il. ^or.t ir/;o'ii    ■'.a'ye  of 

:'   the   ;'.••.     I'   !.   'h^r-ror-  H. .  .:;.• ! 

••   1:.^ tar.'h-.'-o-.. 1..   ht   th-   r.ozzlt   ü-.: 

\--   tr-h'-; 

a^    -olr. • 1 i*-r.*   polrte.     Let     1     Jenole   the    'ondltloru    up^treas. of 
4 h-    nozzle  an;     'j     tho:.e   iovn. treoit,   whl^h  a:-'    al^o   the   -xl*    'or.il- 

tlor.s. 

Ttie   L t'-a :,.-..'it'-  '-•.•■:■,;,.   •  y.mlior     1.     when  ref*-rrei   to   "ondi- 

tlons  at   the  duct  exit   Is  vrltter.  as 

;   1   *   ".- 22 ^ 

slr;ce    Qr   =  a,,     and   >   =   1.4. 

From eq'jiitlon    11!   the   Initial     P-vave at  the  exit   Is  calculated 

to  be   
a 

10 i     Jit) V -  I2fe 

23) 

t-lnce    Q^   =   5.0OC   ir.ltlally.     üow   11   the   duct  Is  perfectly matched, 

the   Initial  F-wave will  oq-oal   the  st-a i..-. täte P-wave.     This gives 

1 • yi'   i * c.. u^. 
2^ 

for the  steady-state  or matchel   conlltion^  at  the   luct  -xlt.     Thl^ 

1:    plotted   as   th»    stealy-state   '■■.;••.•••   in   fig'::--   d. 

Tb-   conser-/atl jr. of mass  between  points     i    ani     ^     give:    th& 

relation 

2t 

98 



-.-., t- 

5 

5.16 

5.1^      - 

5.C8   — 

5.U 

5.X 
ICO 2rr 30C 4ÜC 50C 

,,   EXIT  VELXI^i'     fp: 

FITJRE   8.     EXIT  '.TLDIITY AS A   FT'NrTION   JE  P 

99 



ror l.—.'i'jpl- I'lzM   J:" ar. i ;-- 1 t:^. with ? = 1,.., t,hi- become: 

A..    . ,   ■.  • 

2' ) 

The energy "quatlon  1" across ih" nozzle may be written a: 

ap 
,2  —  --   1*0.2 

'e 

a« 
27) 

which may be combined with equation 2^  to yield 

a. 2 

UJ/ 
- ^ 

a, 

a , 1C 

a 

V - 1 

23) 

Equation ' .a  gives 

Pi   =   5 
•d     +     

ud 
'29) 

across   the  nozzle.     Eq'^atlons   '23)  and   [29)  may be  solved   for  the 

unknowns     U], at,    and    a^'tg,   given  the  parameters    Ag/A^    and 

?^t     The  nozzle   ratio  fixes    Ae/Aj,   and    Pj    may be  determined   from 

the  energy  ellipse.     The  exit  velocity,   u^,   is  obtained   from equa- 

tion 2".     This   is  plotted as a   function of    P,j    and    Ag/A^     in 

tlgure  3. 

Mow  the   theoretical  solution  for  the  velocity at  the  end  of a 

duct   terminated with a  nozzle   can be  determined.     For  exajnple   figure 

'  Illustrates   th--  three  possible   transient   flow  conditions at   the 

nozzle  exit.     In  figur1    >.a   the   initial    I-wave   is   less  than  the 

value  required   for matching,   arid  the  exit  velocity  approaches  the 

steady-state   in a  stair-step manner.     The wave reflected at   the 
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a. 

u,, TIME 

a)  P-WAVE LESS THAN REQUIRKD FOR  NO REFLECTION 

a. 

u. TIME 

b)     P-WAVE EXACTLY AS REQUIRED  FOR NO REFLECTION 

IL TIME 

c)  P-WAVE GREATER THAN REQUIRED FOR NO REFLECTION 

FIGURE 9.   POSSIBLE TRANSIENT FLOW CONDITIONS AT  EXIT OF 
DUCT TERMINATED WITH A N0Z2UE ica 



nozzle   is an expansion wave.     Figure 9.b chows  the  cace where  the 

P    wave   is  exactly equal  to the matching value;   i.e.,   it  corresponds 

to  the   intersejtion of  the  steady-state  velocity  line and  the 

transient velocity line   for  the  given nozzle  ratio.     The   luct   1; 

therefore matched,  and   no reflection takes  place.     The expansive 

reflections are equal  to and  cancel out  the  cornpresslve reflections. 

Figure 9.c  illustrates  an  initial P-wave  that   is  greater  than re- 

quired.     The output velocity  initially exceeds  the  steady-state 

level,   and  then oscillates about  the steady-state  value as  the  tran- 

sient  conditions damp out.     This  is the case where a compression 

wave  reflects  initially  from the  nozzle  termination. 

Figure 10 illustrates  these  cases with experimental plots. 

A  typical  comparison of  theory with experiment  is  given in table  I. 

These  particular examples are  for a P-wave  large  enough to produce 

overshoot and oscillation to steady state. 

The  length of each step or  level is dependent on the  time 

required  for the reflection to travel twice  the   length of the duct. 

Thus  one  is able to lengthen or shorten these as  desired.     Figure 

11 shows two plots taken under exactly the  same  conditions except 

for  duct  length.     However,   as  the duct  is  lengthened,friction 

becomes more  important.     Since this  theory was  obtained neglecting 

friction,   the experimental results deviate   farther  from the theory 

as   the  duct  is  lengthened. 

IV    TERMINATED DUCTS WITH SIDE  BRANCHES 

The effect of bleeds  on the wave reflections   in ducts  is  of 

concern since  it  is  important to be able  to predict  the shape of a 

pulse  at  the duct exit.     Bleeds  exert considerable   influence on both 

the  shape and  the magnitude  of these pulses. 

To simulate a bleed   in a  fluid amplifier,   a  terminated duct 

with a  side branch was  used.     These branches were placed at either 

of  the two positions  shown  in  figure  12.     Only  one  bleed was used 

in any  one experiment.     Two sizes  of side branches were used;   each 
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a)   P-WAVE LESS THAN  REQUIKED FOR NO KEKLECI ION 

b)   P-WAVE EXACTLY AS REQUIRED FOii NO RmXCTlCN 

c)  P-VAVE GREATER  THAN REQUIRED FOR  NO REFLECTION 

FIGURE  10.   EXPEPIKENTAL RESULTS DKPICTING VARIOUS FLOW 
CONDITIONS AT  EXIT   OF  DUCT  TERMINATED WITH 
A   NO.IZLE. 
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TABLE I. CO^ARISON OF THEORETICAL AND EXPERIMENTAL 
TRANSIENT EXIT VELOCITIES FROM THE INITIAL 
OUTPUT TO THE STEADY-STATE VALUE. 

U
ü , EXIT 

CASE 1 

VELOCITIES (fp$) 

CASE 2 

STEP THEORY EXPERIMENT THEORY EXPERIMENT 

1 397 400 430 446 
2 324 314 341 360 
3 365 388 394 409 
4 345 330 365 378 
5 356 390 382 403 
6 350 348 372 372 
7 353 372 378 403 
8 352 355 374 583 

STEADY STATE 351 372 375 400 
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a)  DUCT LKNGTH  OF 6  INDIES 

b)  DUCT LKNGTH OF  ?h  INCHES 

FIGURE 11.  KXPEPIMENTAL PLOTS TAKEN WITH ALL CONDITIONS 
IÜENIICAL EXCEPT  THE LENGTH OF   THE DUCT. 
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was 3 in. long and 0,5 In. wide with a depth of either 0.25 in 

3.?5" 3.?9, 

f* ?7.?5H 1 
Figure 12;  Location of Pleeis in '.\xct 

or C.O*-.25 in.  The larger the bleed, the more the flow level 1L 

lowered at the duct exit. As a result, energy levels change and 

the assumption of constant energy is no longer valid. A mathematical 

analysis of the flow therefore was not attempted.  However, by con- 

sideration of the waves and reflections, the general shape of the 

pulse at both the duct exit an-i the bleed exit may be predicted. 

Figure 13 shows theoretical predictions and experimental results 

for the case when the bleed is located near the entrance of the duct. 

It should be emphasized that no attempt was made to predict quan- 

titatively the ajr.j 1 itude of the pulses.  Only the relative magnitudes 

were considered.  Figure 13.a shows the predicted output of the duct. 

The initial large pressure pulse resulting from the step input is 

followed by a series of successively smaller press^ire waves emanat- 

ing fran the duct entrance and the bleed. As these damp out, the 

rarefaction wave resulting from the initial large pressure pulse 

returns to the entrance and its reflection now appears at the exit 

as a large compression wave.  This cycle is repeated until steady 

state is reached.  Figure 13.b shows the oscilloscope plot of this 

case. 
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3.Ö   In -i^  In, 

a^   PREDICTED DUCT  DUTPUT V   EXPERIMENTAL D'J^T  TJTPUT 

L 

c)   PREDICTED PLEEP   'UTPU 

Po  =  1.17 pslg 

d1   EXPERD/EN'TAL BLEEP  OUTPUT 

TIhE SCALE   =  1 MSEC 

FICURE  13.   FL^'  :ONTDITIDNS  WITR PLEEC  NEAR  DUCT ENTRA,N'CE. 
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3 x c.t x :.> ^ ir.. PLEE: 
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^   In. 3.^5   Ir. 

S 

a)   PRELirTEL' DUCT  XTPUT b) EXPERIMENTAL DUCT OUTPUT 

c\ PREDHTE: PLEE:   ITP'CT d'   E>TERIMEN'TAL  PLEEL 

p     -  1.17 psl, TDÄ ?:ALE  - 1 M^E 
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ABSTRACT 

Frequency   selective ncoustlcnlly  controlled   fluid  dynamic   switches 
are  discussed   in   terms  of  Reynolds   number,    itrouhal   number,   and   eeo- 
metric  parameters.     The  successful   operation of   ?ucli  a  device  depends 
on   the   simultaneous   c^ editions   that: 

1. The  strearr,   which   is   basically  controlled   by   the 
L^ondary,   is   in  the monostable   region of  operation. 

?. That   stream operation   takes   place  in  the  region 
of   flow where   it   is most   sensitive  to  small  dis- 
turbances.     Such  a   flow region   Is   specified   in 
terms   of Reynolds  and   Strouhal   numbers. 

3. An  acoustic  resonator  is  coupled   to  the orifice 
to  increase  the  frequency  selectivity and  also 
act as  a  velocity amplifier which  controls   the 
flow at   the orifice  of   the   jet.     It   is   important 
that  the resor.ator  be  tuned   to   the  frequency   for 
which   the   flow  Is most   sensitive. 

A   stream,   which   is   stable  along  one  nozzle  boundary   in  the  undis- 
turbed   state;may  be   switched  acoustically   to  a  second   stable condition 
along  the opposite  boundary,  during  the period   that   the  flow is  dis- 
turbed,   when only   the  rirst  two  conditions  set   forth  above are  present; 
however,   greater   sensitivity  and   frequency   selectivity may   be  achieved 
when   the   third   condition  simultaneously  is  present.     When   the disturb- 
ance   is   removed^ the   stre.:^  returns   to   its   original  stable  state. 

Operating  condition'-,  have  ranged   from a  Reynolds   number  (based 
on  stream thickness and average  velocity)   of  300  to 4,000 and a   Strouhal 
number   (based  on  stream  thickne.s,   average  velocity  and   control   fre- 
quency  of  0.07   to  0.3.     Input    .ijnal   levels  range   from   ,5   to   50  dynes/ 
cm   .     Response   time  and   sensitivity  of   the device  depends  primarily 
on  how close   the  operating monostable  point  is   to   the  region  where  oper- 
ation  would  be   bistable.     Experimental   results   from a   study  of  nozzle 
geometry  on  the  hysteresis  phenomenon  for   bistable onerntion are of 
nrimt'   importance  and  hence  emphasized  along with   the   Importance  of 
the  'ound   sensitive characteristics  of   fluid   jets. 

Introduction 
The  acoustically  activated   fluid   switch  depends   ^rimari iy  on  the 

sound   sensitive  c'iarac teri sti cs  of   laminar  jeth  and  on  boundary   layer 
control  or  the   Coanda  effect.     First,   the   laminar  jet   is  operated   in 
the  region of   flow where   it   is  most  unstable   to   small   disturbances  at 
the designed   switching  frequency.     Second,   the  nozzle  exit   boundaries 
are  adjusted   so   that   the undisturbed   -treim  is monostable  on  one  bound- 
ary,   and   in   the  disturbed   state   i t   1-.   conditionally   stable  on   the 
opoosite  boundary.     The  primary   flow  is   the  jet   itself which   sets up 
a   secondary   flow.     '^en  acoustically  disturbed,   the   free  boundary  of 
the  stream develn^es   into  a  vortex   flow which  increases   entrainroent 
and   sufficiently  adjusts   the   secondary   flow to  cause   switching. 
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Tct  In  t..bi li ty   : vr.ictiLri 'tic , 
The     ound   ^t'M^i ti ve    ]Cl   needs   :io   i nt rcdu :r. i on   to   Lho .<•   jorkln; 

in   the   field   of   flui'    ■■r-   lification   for   it   1.   now  well   rcco-n;   ed 
how   lnnort-nt   jet   l n . t" JI li ty   c i.'f-ic tcr i ■. 11 c s    're   In   the   Jevi lo  men. 
of        fluid   jet   device   .     Although       m.-the^.-. t i c    1    it   .cri    tlon  of   the 
flow   it.ell",   Q.   eel 'lly   in   the   well    lcvelo">cd   vortex   flow  re   ion,   i ■. 
ncltner     ltn--le«*3r   :.:.y   to   work   with,   the     hyslc.il   ch.Tf.icterl stl c s   of 
the   jet   flre   known   from   t   e   Inr^e   imount   of   ex  erirr.ent.il   work   thnt  has 
been  done. 

It  was  originally  expected   that  If   the  jet wns   free   for  several 
slit  width,   dovn.trenm. of   the  orifice   before  reattrch I n,',   to  .i   boundary, 
that   It   would   be   senltlve   to   sound   In   essentially   the   sjme   region  of 
the  ReynoIds-^trouh ' 1     1  ne  as   that  of   the   free   jet.     This  expectation 
his   seemingly   been   fulfilled   by   our   ex-erlmental   work. 

Figure   l*slows   the  rn^lon  of  operation   for   free   1 mi n. r   ,-lane   jets 
liavln^  an  exit   -'riholi;   velocity   ■lrorilc.     Tue   solid   line  represents 
the  assumed   region of  nviximun  sensitivity.     The  R-S   rP;;ion    hown  en- 
compasses   the  0">Qr."tlon  region   for  the   cd-etone  without   n   re  on^toi . 
(Reaonator.   bro, den  "n-'  operating,   re,ion  con   IderablyO   Data   taken  by 
thl ;   .'.uthor  under   the   direction  of "rofe. .or  nlap  I'owe 11    it   the  rero- 
onics  Laboratory   was   '   ter   lubliJhed   in   reference.-   1   - nd 

Although   for   the  vAirk   described   In   this   r.a   er   the   channel   lenth 
was   sufficiently   Ion;   to  ensure   ."   psr.'bollc   velocity   --rotlle  .it   the 
highest  expected  Reynold     number,   nu.ny  other   devices  use   short  channels 
with   the   exit  velocity   described  more  closely  by   ^    .qu   re  velocity 
profile.     ?o 1 low! rw   the  annroach   found  anpllcable   in  boundary   layer 
flows,   a  modified  nomentun  thicknc>s  ha,   been conidcrcd.     '^e  deflru 
the   "jet  momentum   tnicknes."   .'• ; k: 

*'*-'/Z?1 ['-%?]'< y 

where/   is   the   jCt  width  ,'nJ^/<f* I .   the  ccnterllnc  velocity.     For   a 
square  profile   (wnich  can   only   be   sr Toxin.'.ted   in  practice)   the   jet 
momentum  thickness   is   simply   the  channel   thlckne1. . i   .     vor  a   ^nra- 
bollc   prof 1 le, *• #7/.     'J^ing   the   jet  nomentum  thickness   as   the  character- 
istic   length   in   the   dimen   ionics;,   Reynold--   and   Jtrouhal   number   an^ears 
to  offer   better  dynamic   similarity.     It  n 1 so hcl^s   to   adju   t   for   the 
increased   instability   fr. jnd   for   the  square velocity  profile compared 
to   th .•   parabolic   flow. 

It  may  be  noted  that  the   line  d    .crioing  the   region of maxltnum 
sensitivity  docs   not   lie   In   the   center  of   the   region  of  o^aratlon   • r' - 
marily  because   the   -^rcial   gain   is   profoundly   influenced   by   the   con- 
vected  wavelength.     ." t   low Reynolds  number   the   jet   is   conoiderably  more 
stable   than  at  higher Reynolds   number.     This   is   ^artly   due  to  the   sta- 
bilizing  influence of  viscosity.     We  can  expect   the   jet   to  become   JLable, 
or  at   least  neutrally   ..table,   for   small  Jtrouhal   numbers  because   the 

♦Figures   start  on page   121. 
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wavoleiiiCii   IN   sufTiclently   lon^   t.n.iL   the   disturbance   i .   convected  out 
of   the   region   of   Interest   before   a;iy   gros^   am;. ll f 1 cat i on   can   take   (jiace 
rartirjmorc,   the   jet   i...     L.'.blc   .or   l^rju    jtrouiml   number,   jeeau .e 
wac.1.   I i'.-   Cunvectji   wavelen^tii   re.".cae      tnC   or'. cr   of   t. •      atu-e   of   the   jet 
■Ji-tli,   the   induce.,   velocity  effect   becontt:;   Incoherent   ai\~   tne     rocc . . 
of   vortex  co.. le.-ceiice,   the  tneciiam sm   re.j'Onjible   for   tlie   Lievjlo   i n0 

vo/tCA   Jlo.^,   i .   reuueed.     For   flui-    .^i ..d   ...    lic.LiOn.   a.    iciVin 
Jc . :r. J.- I   tae  o   .. r   ,. n^    >oi ..t   1      .e lee tc^   on  tiie   11 ne   re   r>-   cati n0  tii , 
.'c^lüti of  ..i.u.i I.BJ.I    .easitivity.     In   the   event   that   the    .wi tea   is   to 
respond   to  el t.ier  of   two  input   frequencies,   tue operdtiay  poiat.  are 
scitijl/   cao   en   ./■ i.ietn ca 1 ly   about   tne   line of  maximum   :. oasi ti vl ty. 
For   fluid  control le^.  device.   Jiiere   in^tcjillt;   i :  .)   probl.i.   i-   i ;>   Ji.»s 
to  operate  above   or   w< 1 1   below  the   indicated   region o:   operation. 

ioun.. try   Layer   lontro 1 
oundary   !■; ...    jontrol   In  a   vi ^cou      flow   flela   i r     .o.-i^ible  one   to 

the   rejener.i >. i vu   action of   l-luid   entrai .u.icnt,      it  em, luy   thi^     nei.oin- 
onon       „o  control   ^n^-  d   i"   .tional   st.ioilicy  condition ot   the   jet.     For 
our  a, -"lleution  we   w,.at   the   .trcara  to   bo   normally   jüable  on  one   bound- 
iry,   'jut  of   cour   e,   not   too   stable   for  we  nu .t   be  njle   to   switch.     ilenc 

v;j  want   the   condition  'Jtacii  yields   the   jet   ju.t   barely    ;table  on  one 
bound, ry,   but   iu-a r   tne  ..t-tolt   flow  region   for   tne o;   o.'.ite   jound.ry. 

— C t u.   consider  ..   few   flow  exatn-le >   .""id   tiien   it   will   be   -ippureat 
why   tae   flui '.     witch  Oeonctry   i      ■st.\_ loy    '..     Figure     _.   illu   tr. to.  .. 

• yi.Tnatri ca 1   noc.ile  where   tiie   flow cou 1~   attr.c!»   to  either   boundary. 
. s  ui.".c   tne   flow   to   oc  on   the   l:ft   boua^a.ry   c .   diown.      dow  .ii.   we   witli- 
dr.'w   w.ie   left   noccle   w. 11   the   jet   follow.,   and   remain,   attached   .■..   loa^ 
a.   fluid   entral rmient   i.   aufficient   to  kee >   tne  c.v.ty     re .:>ure   sufficient- 
ly   low   to  overcome   tae  centri fu^.i 1   force   on   the   btreatn.     ..ote   that   a.- 
the wall   is  withdrawn  the  influence  of   tne  ri^ht  wall   i ,   rapidly  being 
reduced,     '.J;ieii   the   CCJ;cri fu.^a 1   .orce   beco.ie.    ',omin..nt   tile   jet    .win^j 
fi'ec   from  tae   le. L   wall   ...i-   ir.i.ic^i. .ely   L ucome.   tru^^e^   by     tae   re(Jdji- 
er..tiv_   flow  fiwl '   b^t'./eea   tiie   jet   a.id   the   right   wall   ,.o   that   the   jet 
become     attached   ^o   tne   rigiit   wall.      [f   we  now move   tiie   left   wall 
toward   tae   jet    inti 1   tae   ooundarie.   are   .synr.ietrical   we   find   the   JCL 

remain,  attached   to   the  right  wa 1 i..     If  we move   the   left  boundary   fur- 
ther   towari   the   jet   we   find  a  condition   where   the  regenerative  pressure 
..rea   on   the   left   again   Jominate.'.   the   balance  of   force.;   und   ti. i   jet  «'gain 
becomes  attached   to   the   left  wall.     Figure   fb   diow,  a   plot  of   tiie  over- 
all   action  which   we   call   the  hyjtereaij   .inenomenon.      du  could   ^et   a 
similar hy.teresiii   effect   if  we  were   to  make  the  variable   the  cavity 
pres'urc or   input   control   jet  volume   flow  instead  of  no^^le  wall   position. 
A   jet  which  ha;,   a   hy.iteretic  history  a^   ahown  i.,  called   a   bistable  jet. 
It   is  oovlous   that   the hyseeresis  effect   should  not  be   dominant   in 
our application.     To  reduce  the hysteresis  action we  can adjust   Che 
noir-le walls   so   that   the critical   ratio(r/f) 1J  almoot met;   then  tiie  jet 
is  always  on   the  verge of   switching.      Vi th     the area  under   the  curve 
tending   to  ^ero  we  approach   the condition where oscillation  is  possible 
or we mignt  say   that   the  jet  is  unstable. 
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AJ   Ion;  as   .ae   JOU.I  .ric.   ^rc    ./..in^Lri ca 1   Lhu   jet   cm only   L)«J   bi- 
stable   (a   . peci - 1   Cci .^   i .   liiere   : l  o . zi li..lc ,) .     In   f lu i -i   ..t.i   11 .' i ci' .   tic 
u.ual   tcchaiquj   i ..   lo   j.     ,   Liie   ,-.u-:.i   j_t   wi ta   -   control   jet.      In  oar 
--•-e,    •• .   lo   not   en; lo/   i.    .cco:1^   jet    .o   tu.-t   tae   bic.ia0   ia   ..ccon, li .'a-.! 
ay  rru.kmü   the   bouiu^.r.e.   a-yini.it:tri c .I, 

Let  ua   next   con.-l ler  an  a-;>n.it.iec.ri ca 1   configuration   a>    .no^n   in 
.^njru^)   and   4.      ?or   .-ru. 11   value..   oT   a   Lie:   jet   i^   JuTlectu^   fron  the 

left   bouaJary   towt.r^   the   ri^ht   ooun^ary  un-  ultitriately   ott.icnc.   alon.j 
the  ri^ht  bouni.ry,     Tac   jCt   i..    .cable on   tiic   ri0nt  only   (.JAü).     ,\-.  J. 
ii   increased   the   jet  become,   oi .table,   hut ;icre    .table  on   tno   ri^ht   th.ia 
on  the   left   (b>       .\) ,   .       1   [ ■   further   iucrea.-ca   tne nio-le>  of  opera- 
tion  are   re i-.iecti v^Iy;   ui-.c.olc   (3-),   Ji.. table   with   _,re>iv.cr  atcrac^ion 
oa  the   left   (.. ^   ■    L) ,   and   .table  on   cue   left  Only   (hLC) .     .'.->   -   become.-. 

jet   i..  unable   to   utt..cn   to   t,ie   left  wall   .   id   tue    .equeace 
b.   2),   3b  -A,   and   finally    dlO. 

very l^rgc th> 
reve rto   to U -J 

*- 

The    ;e ne; 1    -loic  of   tiie   region.,   re  ult.   from   the   f.»ct   tha,,   i.: 
laninar   flow   tae   j .t  breadth   -loe .   not  increase   aa   rapidly   with  -own- 
atream dl .tance a .   .'ae Reynolds   number  i >   increased,   w.ii le  a.,   im,.end- 
ing  turbulence  i..  a.vroacheJ,   tiie  jet   ..ireai:.  i.-.ore  rapidly  a.id  at .m^hcr 
deynolds  number >   the   flow  i^   ea.eiitiully   ind.. .endent  of   Reynold,   number. 
This   plot   Is   -.omc./aat   l.'ealiatlc   for   in .i   re<il    .ituution   the   'low  re- 
gion,   are   not  a.,  well   ^t.fined  aa   indicated  due   to   tiie  onset  of  oscilla- 
tion. (Thi r.   i..  of  a different  nature  from  the oscillations   previously 
mentioned  which   re.ult   from an  eaaentlally  ^ero hysteresis,     fhe-.e 
oscillations   are of   tiie  cd^etone  cla.a  and   their    articular  behav  or 
depend."»  on   tiie  construction of   the device*) 

The crosa-hatched  region  is   the one  of  particular  interest   to us. 
here   the  jet   la    .table on  the   left,   but  not   too   stable,     We  call   it 
monostable   since  a   suitable  disturbance can  change   i t.>    itablllty  con- 
dition.     The  closer  we  overate   to   the  boundary   between    >L0  and  Jj   *   L, 
tne r.ore   sen.l.lve will   the  device  become.     The  region:,    >R0  and   .LC 
arc   the  only   one,   wine.,    lo   not   posse's  hy .terol ,. 

.'ow a;   the   ratie    :/a  ..pproache^ unity   t!ic   .LO  re,ion  becomes   van- 
Ishlngly   small    .o   that   the  modes with  Increasing d  arc   ;R0,   3.  > R, 
S >,   and   JRO. 

Dimension  c   i .  chosen   to   be   smaller   than   the  dl .tance at  which   the 
stream  coull  oscillate  at  its  highest  working velocity  whereas  dimen- 
sion  a   is   chosen   to  be  as   large  a.s   the dl .tance  required   for  full   vortex 
development  at   the   lowest   -/orklng  velocity.     Dimensions   b  and  d  are 
then     elected  so   that  the  aroadest operating  region  la  possible or   for 
maxi mum  sens I t i vl ty. 

Doundary wall   length  also  plays  an  Important,  roll.     In  general, 
i.y  teresls   is   ii.craasod   for   lon^ walls and  the monostable  region di- 
minlab«« all j.htly.     On  the other hand,   for   extremely   short walls   the 
boundary   Influence vanishes. 
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IlanufflCturi ns   toler.mce^   rerjuire   that   the  rnonoitable   region   be 
sufficiently   bro.-.J;   and   furthermore,   for  operation  over  a   large  r.in.;e 
of   stream  velocity   It   Is  ajvanta^eou-   for   the   region   to   be    »arallel   to 
the  ab-ic i 3sa . 

AT  mentioned,   figure  U   is   -.orricwtiat   ideali.-.tic   because   the    -lot   i.; 
generally  more  con, lex  Jue   to   various   region-,  of   -.elf-excited  oscillation. 
^uite  often   It   Is   found   that   the   'LO  region   l^   completely  clo.ied.     T'ne 
double   cross-hatched   ar^a   is   the  one  where  acoustically   activated    .witch- 
ing   is  no ,t   sensitive. 

Descrl    tion  of   the;   Swltciunj  ! iech.ini ".m 
.'.   typical  configuration   i ;    .!iown  in   figure   3.     The  large cavity  on 

the   right  of   the   jet   i ■.   a   re.ionator of   the  heimholt.:   type,     "or   low 
frequency   suitchln     tiie  delriholt^   ^y;>e   resonator   (lumped   parameter)   i . 
used^ whereas   for higher  frequencies  (ajovc   1  or   .   keps)   longitudinal 
stand i n,;-wave  re.onator.s  are  i.iore  practical.      Fi^Tjrc.j   'a   througii   5c 
illu:trace   the    »roce .::  of   >witchinw.     -Ji ta   the   jet   adjusted   to   be 
sensitive   to   snail  di   turbances  and  operating   in   the  mono ;table   flow 
region,   v;2  have   the   jet  attached   to   the   „at",  boundary  wall.     ."laid   ea- 
trainncnt   establishes   the   secondary   flow  illustrated.     When  an  acou.tic 
signal  at  the  resonant  frequency of  the  resonator  enters  the   .witch 
from  the  downstream  side, the   jet   becomes   disturbed   with   the   resulting 
developed   vortex  flow  illustrated   in   figure   5b.     The  vortex  flow  in- 
creases   entralnment   (thus   lowering  the  pressure   in  cavity  Vi)   and   tends 
to  Increase   the  secondary   flow, thereby   lowering  the  pressure on  the 
right   boundary.     Within  a   few  cycles,   assuming   the  external  acoustic 
disturbance  continues,   the  vortex  flow developes   to  a   sufficient  mag- 
nitude   to   suppress   the   secondary   flow and   switching   Is  accomplished   with 
the  ultimate   turbule-t  reattachment  of   the   jet  on   the   right   boundary. 
The   pressure  gradient   from cavity  V,   to   the  ambient  atmosphere   tends 
to  counterbalance   the  centrifugal   force  on   the   jet^and   it  stays   re- 
attached   to   the  right   boundary   as   long as   the  acoustic  disturbance 
exists.      «-/hen  the  disturbing   signal  ceases,   the  jet  returns  to   the 
left   boundary   thereby  allowing  automatic   reset. 

Input   SI gaaI   Impedance 
The   switch  can  be  driven  at  a   low acoustic   impedance  point  as 

illustrated   in  figure  6,   or  a  high  acoustic   impedance   location  In 
the  cavity   V^  as   shown   In   figure   7.     Of  course   Intermediate driving 
impedances  are  available  and   for   longitudinal   standing  wave  resonators 
the  impedance-space characteristics ar<  more amenable mathematically 
than   for   the  Helmholtz   resonator.     The   configuration   illustrated  as 
figure  6  has   two  prominent  modes.     The   lowest   frequency mode   is  one 
where   the  acoustic   flow is   in  phase  in  both  cavi tl es^, whe.reas   the  hl^h 
frequency  mode  Is  one  with  a   phase  reversal   between   the   twe   blJe  cav- 
ities.      This   higher   frequency   mode   Is   extremely   attractive   since   it 
allows   the   most  effective   drive   to   the   jet   with   the  disturbance   pre- 
dominantly   transverse   to   the   stream.     On   the  other  hand,   the  system 
Is  not  only   responsive   to   two   frequencies   but   It  also   implies  <i   re- 
duction   in   jet   sensitivity   since   the  two  operating  points  In  the  R  J 
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plane   must   strudle   the   region  of  trwixitnum   sensitivity. 

When  driving   the   rwl tch   through   the   cavity   as   --hown   In   figure   7, 
the   equivalent  circuit   shows   the  resonator   to   be   In   parallel   resonance 
thus   offering  a  maxlinum   Impedance  at   resonance.     This   requires   tht 
source     impedance   to   be   large   so   that   tht   resonant   restK)nsfc   Is   not 
damped. 

Frequency   jelectlve  Response  and   Sensitl vl ty 
Acoustic   re.onators   have   been   Included   to   Improve   the   frequency 

selectivity  of   the   switch   thus   allowing more   channels   In   a   given   fre- 
quency   space.     The   resonator   also   ajgments   the   acojstlc   particle   ve- 
locityln  the  vicinity  of   the   jet  orifice   thereby   Increasing  sensitivity. 
Figure   ^   Illustrates   the   >ensltivlty   and   frequenc>    selective   response 
for   two  different   switches  which  are   spaced   nearly   an  octave  apart   In 
frequency   space.      The   curve   Is   for   the   mlnlnvim  acoustic   pressure   needed 
at   a   particular   frequency   to   activate   switching.      The   JFL measurements 
were   taken   In  an  anechoic   chamber.     The  ordlnate   l^   the   free   field    ji L 
which   existed   In   the   space   location of   the   switch   with   the   switch   re- 
moved . 

"hannel   separation   Is  on   the order  of   .'3   to   30  db as   Illustrated. 
The   expected   control   over   Input   signal   level   and   frequency   determines 
the   required  channel   separation   level,   and   the Q   (quality   factor)   of 
the  chambers   specifies   the   frequency   spacing   required   for multiple 
channel  operation. 

In  practice  we  have   successfully  operarcd   acoustically  activated 
switches   from  U0Ö   cps   to   4  keps.       At   the   lower   frequencie.   the   rcs- 
onators     become   quite   Lirge   so   th<it   s;iflce   limitations  must   be   con- 
sidered   and   at   the   higher   frequencies,   say   at   U  kcp.s,   the   noz/. le   ad- 
justment   is  more   critical   and   poses  hi gh - produc 11 on manufacturing   lim- 
itations.     In  addition,   at   the  higher   frequencies   ih't   r<tJlatlon   re- 
sistance  as   seen   by   the   resonator   is   becoming   large    in^   hence   the  ^ 
of   tht   resonator   Is   decreasing.     The   largest  -^are   found   for   the   low 
frequency   resonators.     One  major   advantage   the  Melmholt-   type   reson- 
ator   has  over   the   longltudln.il   standing  wave   type   Is   that   the  over- 
tones   are  not   harmonically   related   and   the   second   moJe   Is   generally 
several       octave-,   above   tne   fundamental   re-.onince. 

The   ratio  of   flow  power   at   the   channel   exit   to   the  acoustic   power 
entering   the   switch   has   been   found   to   be   as   high   .is   half   a  million   for 
the  most   sensitive   swltcnes.     For  models   capable of  operating over  a 
30".  change  In  stream velocity,   this     ower   ratio   is   generally  on   the 
order  of   .1   to   .1   million.     Of  course   :x)wer   recovery  at   the  noe^le 
exit  depends  on  the   turbulence   level  of   the   jet.     Momentum  recovery 
for   fully  developed   vortex   flow  is  on   the  order  of  one half   since   the 
rotational  momentum   is   not   generally   recoverable. 

It is interesting to note that when the device Is operated in a 
regenerative manner It has »henomenal sensitivity v4uch de end,-, pri- 
marily  on  the.  noise   level   of   the  channel   flow.     In   tie   regenerative 
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mole, Che "c" dimension Is adjusted ,o thnt the device 1. on the ver^e 
of eJ^etone type oscillation. Then only <in extremely .mall ncou^tlc 
signal I-. neeJei! to supplement the feeub^cW to enhance oscillation. 
Once in oscillation, the swlt.cn 6tr.e Jtes It', oun .ign^il for -.wl ton- 
ing. Cf course tnls type of Oj'eratli/n l^ difficult to control. It 
requires extremely good control of the channel v/eloclty and a quiet 
entrance   flow. 

3wltchlnjj Response   Time 
This   ievlce   is   not   considered   to  nave  .1   quick   re.|>onse.      The 

number  of  acoustic   cycles   necessary   for   -.witching depends  on   the   input 
signal   level   and   on  how  clo.e   the  Operating,   point   Is   to   the   boundary   be- 
tween    '.LO   (mono, ta blc   region)   and   J,   »   L;   le,   now  close   the   sy.,tem   i . 
to   having  a   little   liy.teresls.     'jlnce   the   pre. .ure   In   tne   chamber   bull-.-. 
up   exporient I a 1 ly   as * 

-fji)= p.Q['- £""•'] 

where   r»    Is   the  driving  free   field    -ressure,   the   response   time   is 
primarily  dependent  on   the  H of   the  chamber  and   the   frequency.     As   an 
example,   the  switch  wnose   response  I-.   shown  in   figure  3  requires  on 
the   order of   50   cycle,   to   switch   with   an   Input   signal   at   70  db   and   1   kc; s. 
For much   higher   input   signal   levels   the  minimum  number of   cycles   Is 
reduced   to   5.     Hence,   for  a   1-kcps    ,wl tch   response   times   ranging   from 
5   to   50  ms   can   be   expected.     For   lower   frequency   -.witches   the   re- 
sponse   time  will   be   longer. 

iummary 
Acoustic    .witching  of   sound   sensitive   laminar   jet.  has   been  de- 

scribed   in   some  detail.      The  mechanism   for   switching   is   quite   clear. 
The   sensitivity   of   the   device  depends  on   the   quietness  of   the   flow, 
how  close   the  operating   point   Is   to   the  mono.table   boundary,   and   on 
the   Q   of   the   associated   resonator.      Frequency   selectivity   depends   ^ri- 
rv.arl ly   on   the   ^  of   the   re.onator.       Iwltcnlng   time   depend,   on   tne   Input 
level,   the   ^  of   tae   re.onator,   the   frequency,   ü id   ag..in   the  nearnesh   of 
Operation   to   the  nono .tr. ble   boundary.     The   number of   av.ilL.ble   cn.anel 
depends   primarily   on   tiie   channel   .ear.'tion  or   "cro..   talk"   .^llow.Pjle, 
as   well   .is  n..ay   ot.ier   .actor,   that   a. ve   oe^u   mentioned.      The   -ievici. 
w.-. s   originally   develo.uc   a.   a   low  co.t     uj.titute   for   an  electronic 
ml crophone-am   llfler-relav   circuit,   but   It   i ■   ex, ected   ta.il   many 
other  useful   fluid   controlleJ   circuitry   applications   will   be   found 
especially  where   frequency   Ji scrlml nutlon   is   e.bentlal. 
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SOME INFLUENCES OF TURBULENCE ON THE 
NOISE OF PROPORTIONAL FLUID AMPLIFIERS* 

by 

Dennib W. Prosser 
and 

Michael J. Fisher 

IIT Research Institute 
Chicago, Illinois 

I.     INTRODUCTION 

In this paper we discuss the "noise" problem associated 

with proportional fluid amplifiers.  The word "noise" refers to 

the undesirable pressure fluctuations which turbulence super- 

imposes on the mean pressure signal measured at a receiver 

placed in the fluid jet. 

We now consider how noise can adversely affect the 

performance of a proportional fluid amplifier.  A simplified 

version of such a device is depicted in Fig. 1.  A main jet, 

which of its own accord would by-pass the receiver, is deflected 

by a control jet.  A portion of the main jet is "collected" by 

the receiver.  The momentum of the collected portion of the 

jet is converted into pressure within the receiver. 

To perform accurately functions such as computing or 

controlling, changes in input stimuli (control port pressure) 

must be reproduced faithfully as changes in the output signal 

(receiver pressure).  Furthermore, the relation between input 

and output must necessarily be known. 

Ideal conditions for relating input to output exist if 

the jet flow is not accompanied by turbulence. In that case, 

the receiver pressure will remain constant so long as the input 

^The work presented herein was supported by the Harry 
Diamond Laboratories of the U. S. Army Materiel Command under 
Contracts No. DA-4Q-186-AMC-101-C(D) and DA-49-186-AMC-192(D) 
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Stimuli are constant.  Analytical relations between  npat and 

output have beet; established for this idealized steadv-stäte 
1 2 '}** situation. * '     unfortunately, in an acual fluid amplifier 

the jet stream is turbulent.  Thus, even when the -ean   (or 

average) input conditions are held constant, there will be 

some fluctuations in the output.  As stated, these fluctuati >\\ 

will be referred to as noise. 

One adverse effect of noise is its tendency to mask-out 

changes in output signals.  When small but rapid changes are 

made in the input stimuli, corresponding changes should result 

in the output.  With turbulence present, however, additional 

fluctuations (noise) in the output will also exist.  Under 

certain conditions it will be difficult, if not impossible, to 

distinguish between variations that reflect the changing stimuli 

and the noise.  It is equally possible that the noise might be 

interpreted as a variation in the stimuli, even when none occurs. 

It is possible, of course, to lessen or even completely 

eliminate the effects of noise by properly designing the receiver. 

This possibility exists because fluctuations in the jet velocity 

field give rise to pressvire fluctuations at the receiver entrance, 

where the fluid is stagnated (Fig. 1).  It is the pressure in 

the receiver chamber, however, that represents the output signal. 

By providing the proper combination of entrance resistance and 

chamber volume (capacitance) comparatively high frequency 

fluctuations at the entrance can be prevented from reaching the 

chamber.  It must be emphasized, however, that this attenuation 

can only be obtained at the expense of a reduced frequency 

response of the device as a whole.  Quite obviously, then, the 

characteristics of the turbulent fluctuations must be known 

if their effects are to be damped out without unduly limiting 

the sensitivity of the receiver.  This work represents a step 

toward understanding and evaluating the effects of turbulence 

on the operation of proportional fluid amplifier0 

** Superscripts denote references. 

NOTE: Figures start on page 152. 
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The literature contains many relatively successful 

attempts to predict analytically tne mean values associated 

vith turbulent jets, e.g., the mean velocity field.  These 

analytical "solutions" are obtained by employing the Navier- 

Stokes equations for turbulent flow and incorporating standard 

phenoraenological laws to relate the correlation of fluctuating 

velocities to the gradient of the i an velocity.  On the other 

hand, no attempt has been made to determine the fluctuating 

velocit) field itself.  The complexity of the problem makes this 

readily understandable, and no attempts were made along these 

lines during this work.  Rather, since the statistical properties 

of the velocity field can be obtained readily using hot-wire 

anemometry, we set out to establish a suitable statistical 

description of the pressure fluctuations at the receiver entrance 

terms of the statistical characteristics of the velocity 

field of the jet. 

II.    THE BASIC EQUATIONS 

Refer to Fig. 2 which depicts a receiver in a two- 

dimensional jet.  The instantaneous pressure, p,, at any point 

on the receiver entrance (such as point B) is given by the 

expression 

^  2 

Pi " 7puI 

where u-, is the instantaneous velocity just upstream from the 

point under consideration.  If both the pressure and velocity 

are expressed in terms of their time averaged components (P and U) 

and their turbulent components (p and v)  as p^- » P + p and 

u-r » U + u, then employing the fact that ü " 0 it is easily 

shown that 

P - ^pU2(l + I2) (1) 

X>2 



and 

^p(2Uu - u2 - i7) (2) 

where 

I - V"2/  ! (3) 
is the local turbulent intensity and overbars (  ) denote time 

averages. 

'l*he time averaged and turbulent pressure components, 

averaged spatially ^ver the entrance ot the receiver, are then 

obtained from the expressions 

"'2 
p  =,  i   I    P(x.y)dy (4) 

^2   '  y^    Jy1 

and 

pf(t) -    -^    I    p(xo.y,t)dy (5) 

where y^^  - yo and yi  m  yo + ß■ 
The quantity Pf is what we will refer to as the signal, whereas 

"Vf ^  is referred to as the noise. 

Later we will show that quantities such as U/U and   n o 
Y u /U , at various axial locations, collapse to a single curve 

when plotted against the similarity parameter, Tl, defined as 

n = Y - w/2 (6) 

x 

where w is the width of th-e nozzle.  Therefore, it is convenient 

to write Eqs. (4) and (5) in  terms of T\,     The resulting 

expressions are: 
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rf  

and 

Pf(t) -       p(%c)dTi (8) 
r2 " V 

Note chat "H  is the line from point A (Fig. 2) through 

point (x , y ) and TU is the line from point A through point 

(x t y +K)'     F .rtherraore, since Eqs. (7) and (8) are independ- 

ent of x , the results hold for any recriver whose edges lie 

on these two lines.  Thus, the single integration yields results 

for a family of receivers of diflerent sizes located at different 

axial stations.  There is a limitation to the above statement; 

namely, the receiver whose edges lie on the two lines must al'O 

lie wholly above the center line of the jet.  This is necessi- 

tsted by the fact that the definition of T] (Eq. (6)) is valid 

only when y 2l (3.  ^ien Y .< 0, a new set of T] lines, originating 

from the lower lip of the jet, is required. 

Although we have extended this work to include receivers 

that span the center line of the jet, we will restrict this 

presentation to receivers which lie wholly above the axis.  This 

restriction is necessitated by the fact that we presently have 

numerical results for only thirty-five receivers of different 

sizes located at various positions in the jet.  Of these thirty- 

five, only seven that lie above the jet axis lend themselves 

to a systematic presentation of results.  An additional 165 

receivers, 79 of which span the axis, are presently being 

evaluated by a computer program. 

The restriction to receivers above the x-axis does have 

the advantage that the mathematics are a little less complex 

and hence easier to present.  Indications are that some quan- 

tities change sharply as the receivers begin to span the x-axis. 
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Some  mention will  be  made  of   these   facts   later   in   the   section 
entitled   "Discussion of  Results". 

To obtain an  expression   for pf    we write 

P2
f(t) 

(T12   "  V2L./T1, 

•■n, 2 

p(Tl, t)dTl 

which is equivalent to 

P2f(t) -  l- j p(M.t)dTl 

1 n 1 

pU.Od^ 

since the variables of integration are "dummy" variables, that 

is, can be represented by any symbols; this latter expression 

can be written as 

plit) 
(Tl2 - \) 

•Tl2rTl2 

\J\ 

p(Tl,t) p(^,t)dTld^     (9) 

Assuming that time and space averages can be interchanged on 

the right-hand side of Eq. (9), we obtain 

pf(t) 
■Tl2 ^Tl2 

"7 
^2 - ^l) ^ 

F(lrl,t)p(e.t)dTld^       (10) 

It should be noted that i  and T\  are different symbols for 

the same thing, namely, a measure of the position of points on 

the receiver entrance.  Thus, when ^ ■ T), the integrand is 

p (Tt,t), the mean square pressure at "point" T\.     When <; 1* Tl, 

the integrand is the correlation of pressure between "points" 

i  and Tl. 
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To a close approximation we can write Eqs. (1) and (2) 

as 

P = ^pU2,    p - pUu (ID 

Thus,   if we  use   the  shorthand  notation U-p  for U(T]),   we can 

write  Eqs.   (7)   and   (10)   as 

pf- 
2(T12   -   Tlj) 

U^dTl (12) 
n 

and 

Pf-I^^l U^U.   u^   dTKi? (13) 
! Tl 
2        1/    JV 1  '"1 

Next,   we   introduce   the  correlation  coefficient  which   is  normally 

defined  as 

R(^T1)      » ^i 

v^ ue 

(14) 

Then  Eq.   (13)   can  be written  as 

-7      I      P      \ 
Pf "      

'\f\ 

\ ■ \l 'Tl 

i     u^u^ Y^Y^l R(ii>e)dTidi; (is) 
i jrii 

Since we will present the values of U/U  and V u /U  later in o » o 
this  paper,   we write  Eqs.   (12)   and   (15)   in  the  dimensionless 

iorms: 

Pf 

7PUo 

■Tl, 

(^   -   Tl^ 
'Tl. 

UT1 
IT o 

dTl (16) 
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and 

"7 
pf 

rxTr 
Tp U (Tl2 - T^) 

7 
o 

(17) 

Relations Between Signal and Noise 

Eqs. (16) and {17)   are the basic expressions for signal 

and noise, respectively.  Their numerical values are of some 

interest and importance in then selves, however, certain inter- 

relations between these quantities shed more light on the 

receiver noise problem.  For example, the noise-to-signal ratio, 

If(p), defined as 

MP) (18) 

is useful in evaluating the performance of an amplifier with 

the receiver positioned i.n a jet held stationary by the control 

jets.  It would probably be even more useful as a means of 

evaluating the performance of each proportional amplifier in a 

chain of such devices, under quasi-steady state conditions, where 

the noise is possibly amplified at each stage. 

To evaluate the influence of noise on a proportional 

amplifier when the control stimuli are varied (so that the main 

jet deflects) a more appropriate relation would be the "coefficient 

of noise", Cf, defined as 

a (19) 

AT] 
'a 

The subscripts  a  indicate that the quantities in 

parentheses are to be evaluated when the receiver is stationed 

in position "a': relative to the jet center line.  The numerator 
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is   simply   ehe   noise  at  position    'a".     The   denominator  represents 

tne  change   in  signal   for  a   small   deflection,   AT\ 

It   should  be noted   that     mathematically     it   is   immaterial 

whether ATI   represents   the  amount   of deflection   the   jet  undergoes 

while   the   receiver  remains   stationary,   or   if   the   receiver  is 

considered   to  move  by  amount   AT|   in   a   stationery   jet.     Under 

normal   conditions,   one  would   hope   tnat   Cr   is   smail   for   a  given 

deflection,    indicating   that   the   change   in   signal   is   large   in 

comparison   to   the  noise   so   that   it   can  be  detected  as   something 

distinct   from  the noise. 

We   realize   that   there   are  other  relations   between   signal, 

noise,   stimuli,   etc.,   which  wouid  be more  appropriate  under 

certain  circumstances.     For   example,   one  might   wish   to  combine 

Eq.   (19)   with   ihe   relation  between   the  amount   of  control   stimuli 

required   to   produce   the  deflection  ATj.     We   have   chosen   Eqs     (18) 

and   (19)   as   the  most  obvious   and  possibly most   useful   to  consider 

III. EXPERIMENTAL RESULTS 

In  order   to  evaluate   the   expressions   presented  above,   it 

was  necessary   to measure   the   pertinent   statistical   quantities 

associated  with  the  velocity   field  of  a   two-dimensional   jet.   We 

made  an   assumption  commonly  employed   in   fluid   amplifier work, 

namely,   that   the  velocity   field   of  an  unobstructed   jet  will   be 

but  slightly  altered by   the  presence  of  a  sharp-edged  receiver. 

Thus,   measurements made   in   an  unobstructed  jet   are  assumed   to 

apply when   a   receiver   is   introduced   in   the   stream.     Should   this 

assumption   introduce  excessive   errors,   when  comparison   is  made 

with  experimental   data,   the   basic   approach  presented  here  can 

still   be   applied.     However,    the   actual   velocity   field   in   front 

of  the  receiver would  have   to   be  used   in   the   subsequent   calcu- 

lations . 

Employing a  hot  wire   anemometer,   measurements  were  made 

of  the mean   velocity,   U,   and   the   root  mean   square   value  of   the 

turbulent   component,"y u     ,    in   the   x-direction   (see   Fig.   2   for 
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We shall SQC later that this is a consequence 

of the fact that Yu  and -r— are very nearly linearly related. 

nomenclature).  These measurements were made in the lateral 

direction (y) at various axial stations (x).  The width of the 

nozzle, w, was 1/2 inch, and the axial stations chosen were 
1   C11    I"    1"    /"    iL"       1Q" x ■ 1. 5 , Z , 3,^,6  andö. 

The values of U were nondimensional ized by dividing by 

the nozzle exit velocity U . The results are plotted in Fig. 3 

The values of A u   were also divided by U  and are plotted 

together with U/U  in Figs. 4, 5. and 6 for x = 2", 4" and 8", 

respectively.  It should be noted that the maximum value of 

\   u /U  always occurs near the inflection point of the correspond 
v     o     -^ i  ' 

/—7 i /ill 
ine, curve for U/U .  Thus, v/u /U  is maximum where -r— rr  is 0 o        V    o y 1 u 
maximum.  We shal 

The Similarity Parameter T] 

It is well known that the mean velocity profiles of both 

circular and two-dimensional jets exhibit self-similarity.  To 

demonstrate this fact It has become common practice to plot TT 
v m 

against —l— , where U Is the mean velocity at a point 
y0.5 

distance y from the jet axis, U  is the maximum velocity, found 

on the jet axis, and y^ r is the distance from the jet axis at 

which the velocity Is 0. 511 .  There Is no doubt that such a J m 
method of collapsing various velocity profiles Is extremely use- 

ful, particularly for axial locations far downstream from the 

jet.  It is not applicable, however, for the first few diameters 

of the flow where the potential core Is still present.  Also, 

it should be pointed out that basically three pieces of Infor- 

mation are required for the use of such a plot In a practical 

application.  These are- 
U      v a) the graph of TT VS. —L— 
u     yr, C 

b) the locur; of y^. r as a function of axial location 

c) the variation of U  with axial location. m 
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The work of Ref. (4) has indicated chat for a circular jet, 

velocity profiles of tne first 10 diameters of the flow will 

collapse when rr  is plotted against the parameter T\   ^here U 
o 

is the jet exit velocity.  For the circular jet, T]     is defined 

c     x 

where y is the radial distance from the jet axis 

x is the axial distance from the jet lip 

D is the jet diameter. 

This method of plotting has the advantage that, not only does it 

cover the potential core region, but in addition, all the required 

information is contained in one graph. 

In fluid amplifier work, we shall be concerned primarily 

with only the first five to fifteen slit widths of the power 

jet flow.  It therefore seemed of prime interest to examine 

whether a similar parameter will collapse the profiles of Fig  3 

For  this purpose we have defined "H as presented earlier in 

Eq. (6).  The resulting plot of U/U  against "H is shown in 
vig. 7.  The degree of collapse obtained is, in general, within 

the accuracy of the measurements in the range of five to fifteen 

slit widths downstream.  Succeeding discussions will be based 

on the results for this range, which is represented by the mean 

line drawn in Fig. 7. ,  

In addition to U/U , the values of y u /U were also 

plotted against Tl.  The results are shown in Fig. 8.  Once again, 

a good collapse ij obtained for the range of five to fifteen slit 

widths as represented by the curve in Fig. 8. 

The values of U/U  and y uVU  as a function of T\t   taken 

from the curves in Fig. 7 and 8^are presented in columns (3) 

and (5) of Table I.  The significance of the remaining columns 

of this table will become apparent later in this paper. 
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IV RELATION BETWEEN MEAN SHEAR AND TURBULENT INTENSITY 

In Che case of a circular jet, the work of Ref, (4) 

indicates chat a relation of the form 

P7 ,, du = -Kx 'r— 3y 

exists.     Alternatively,    this  can   be   written   as 

V- 
oU. 

=   - K ^ v* (20) 

Table II presents the results of an attempt to establish 

a similar relationship for the two-dimensional jet employed in 

this work.  The values in column (2) represent the gradient of 

Che velocicy profile in Fig. 7 as a funcCion of H.  These values 

when d, /ided incow u"/U  yield Che values of K in Eq. (20).  Over 

a wide range of   values, a value of K of the order of ,031 is 

indicated.  This compares favorably wich Che equivalenC value 

of Che order of .026 found for a circular jeC.  The increase in 

K for    ^0.1 indicates a breakdown of the relationship as 

expected.  For example, on the jet axis (y = 0), -r—  is zero, 

but a finite value1 for y u   is observed. 

V EMPIRICAL EXPRESSIONS 

To facilitate the evaluation of Eqs. (16) and (17) we 

developed empirical expressions to represent Che velocicy field 

daCa.  The expression for U/U  was assumed to have the form r o 

U^ 

rr o = e -(A'
v + B'" + C) 

(21) 

Choosing the values of A, B and C to fit the curve in Fig. 7, we 

obta ined: 

A = 32.6,  B = 6.64,  C - 0 357 (22) 
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The values obtained from Eqs. (21) and (22) appear in column (2) 

of Table I, and compare favorably with the measured values in 

column (3)  over the entire range of 1. 

Next we employed Eq. (20) together with Eq . (21) to 

obtain an empirical expression fory u /U .  The values cal- 

culated from this expression appear in column (4) of Table I 

and compare favorably with the measured values in column (5) 

for the range T] il-.075, i.e., almost the full ^ range 

Although we have not made any correlation measurements, 

the experimental work of Laurence  is very closely approximated 

by the following relation 

-H \i   - T|l Rdr) - e (H r ^4) (23) 

Hence, we have empirical expressions for all of the terms in 

the integrands of Eqs. (16) and (17). 

VI.    ANALYTICAL EVALUATIONS OF SOME OF THE BASIC EQUATIONS 

If Eq. (21) for U/U  is placed in Eq. (16) and some 

simple transformations of variables are made, it can be shown 

that 

pf w 
2C + 6' 

aO, 1 

2     2 1    Z . 
-s , -S' ds p ds - /     Q 

- 0 

(24) 

where C is the value given in Eq. (22) and a and 5     are obtained 

from Eq. (22) through the relations 

a = A^A    5 = B/V^Ä (25) 

Equation (24) can now be evaluated by the use of standard tables 

since the integrals appearing in that expression are simply the 

error function (erf). 
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Now we introduce the symbol Tl  for the "T] width", 

that is 

X'^'^i (26) 

Solving Eq. (26) for ^l, and substituting into Eq, (24) we 
12 obtain an expression for Pr/yp1'  in terms of H^ and "H . 

Differentiating this expression partially with respect to ^ 

gives the rate of change of Che signal as the receiver position 

changes, while the receiver width is maintained constant.  This 

is the differential required in the denominator of Eq. (19). 

The result of this differentiation is 

Ö 
^ 

f   \ 

w 
2C+6 > 

o w 

(cLT]2+b)z _e-(aTl1+5)- (27) 

Note that we have dropped the subscript 2 from b/b^j 

because the same result can be obtained by expressing Eq, (24) 

in terms of Tk and Tl  or any other T\,   such as the mid-point 

value, and differentiating appropriately. 

The only other expression that must be evaluated in order 

to calculate l^p) (Eq. (18) ) and C^. (Eq. (19)) is the expression 

for"y pr , as represented by Eq. (17).  Unfortunately, we have 

been unable to evaluate Eq. (17) in terms of tabulated functions. 

Consequently, a simple computer program was written to evaluate 

this expression numerically.  Furthermore, an upper bound on 

pf  is obtained by considering the completely correlated case, 

i.e., R(f,,Ti) = 1.  In that case, Eq. (17) integrates to yield 

the simple result: 

o  2 T 
Pf 

^Uo 

K 
2 r,U„ .2 

2 

Tl, - Tl1 

u. 
1 

\ 
u o u o 

(28) 
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VII.   POINT RECEIVERS AND FINITE RECEIVERS 

A most appropriate consideration of the expressions given 

above is to examine the limiting situation as the receiver 

width, T] , approaches zero.  This will lead to expressions for 

"point" receivers, i.e., receivers of infinitesimal width. 

Such a receiver could be approached practically by an extremely 

small pitot tube. 

Starting with Eq. (24), the result of such a limiting 

process is the indeterminate quantity, 0/0.  However, by 

application of L'Hospital's rule for handling such indeterminate 

forms, it can easily be shown that  :e limit is 

f      V 
7^o  I 0 

(29) 

This is exactly what one would expect, since it can be directly 

obtained from the first of Eqs. (11). 

A similar limiting process when applied to Eqs. (17) and 

(27) leads to the following revults: 

Pf     4LL2^ 
(30) 

o 

Once again these resultsenn be more easily obtained from the 

second of Eqs. (11) and the first of Eqs. (11), respectively. 

From Eq.s. (30) and (29) it follows that, for a point 

receiver, lr(p)   (Eq. 18)) becomes 

I (p) = 2V ^ = 21 (32) 

where I is the local turbulent intensity (see Eq . (3)).  Dividing 

the values in column (4) of Table I by the corresponding 

values in column (2) yields I.  Then Eq. (32) can be plotted 

as shown in Fig. 9. 
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From Eqs. (30) and (31) it tollows that, for a point 

receiver, C. (Eq. (19)) becomes 

which in view of Eq. (30) can be written as 

-Cf^i - K    (K ^ .031) (33^ 

This latter relation is plotted as a horizontal line in Fig. 10 

Finally, the graphical results are completed by using 

the expressions for finite receivers to plot the results when 

Tl  = .05 and Tl = .10.  These results also appear on Figs. 9 

and 10.  We explained earlier that a limited amount of numerical 

results are presently available.  Hence, the results represented 

by Figs. 9 and 10 are somewhat tentative.  However, they do 

appear consistent, in that the point receiver results are 

approached as T] becomes smaller. 

Actually, we do not have enough results to absolutely 

guarantee that the lines for finite Tl  are perfectly straight 

as depicted in Fig. 9.  Furthermore, the lines for finite Tl 

in Fig. 10 are not perfectly horizontal as is the one for the 

point receiver.  More complete results might even show that 

these lines are not straight but might be somewhat curved. 

More is said concerning these points in the following section, 

VIII.  DISCUSSION OF RESULTS 

Even though a limited number of results are presently 

available, we feel that their apparent consistency lends 

weight to accepting them as indicators of the i. fluence of 

noise on proportional amplifiers when the receivers are located 

entirely above the jet axis. 
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Assuming that the results are accurate, let us consider 

their physical significance. First, however, let us write the 

defining  equation   for   ',   Eq.   (6),    in   the   forrn 

y   -   T:x  +  w/2 . 

Referring   to   Fig.   11   we   see   that   this   expression   represents 

a   family   of   straight   lines   emanating   from   the   upper   lip   of   the 

nozzle   (x  -  0,   y   =   w/2)   with   slope   equal   to   "H.     Thus,    the 

line   "H  -   0   is   parallel   to   the   x  axis       The   outer  edge   of   the 

jet   (line  bd)   is   approximately       -   .20,   while   the  edge   of   the 

potential   core   (line   be)   is       =   -   10.      The   line   from  poinl 

b   through   any   point   on   or   above   the   x   axis,   and   between   the 

edges   of   the  jet   and   the   potential   core,   corresponds   to   a   value 

of  Ti   in   the   range   - . 10  <    Ti ^    .20. 

Now consider   a   receiver   located   at   a  value  of  x  < 5w 

(Fig.   11)   and  between   the   edges  of   the   jet   and   the  potential 

core.     As   the   lower  edge  of   this   receiver   approaches   the   potential 

core   (Tl  -   -.10),   Fig.   9   indicates   that   the  noise-to-s ignal 

ratio     lr(p)   approaches   zero  regardless   of   its  width       This 

appears   logical   because  once   the   receiver   is  completely  embedded 

in   the   potential   core   Ir(p)   should  essentially  be   zero. 

Next  consider   a   recei"er   located   at   x  =   lOw.      In   this 

case   the  T\   line   passing   through  x  =   lOw,   y   =  0   is  "H  =   -.05. 

Thus,   as   the   receiver  approaches   the   x-axis,   If(p)   becomes 

smaller;     however,    it   will   never  become   zero   because   the   lower 

limit   on  Tl  at   this   x   location   is   -.05. 

As   a  matter   of   fact,   the   results   obtained   from  a   few 

receivers   spanning   the   x-axis   indicate   that   the  curves   lor   lr(p) 

depart   from   their   straight-1ine   form when   the   spanning  begins. 

To   be  more   specific,    the   curves   tend   to   flatten  out,    i.e., 

become  horizontal   to   the  T]  axis.     The   complete   results  will   be 

discussed   in  a   future   paper. 
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We see then, that Fig. 9 indicates that, independent of 

the receiver width, the nois?- to signa1 ratio is smallest when 

the receiver is near the edge of the potential core or near the 

x-axis, depending upon its x location.  Furthermore, for any 

given x and y position of the receiver midpoint, I.e., for any 

given value of' (midpoint) the curves in Fig. 9 indicate that 

the noise-to-signal ratio, 1 ^p^, becomes smaller as the width 

of the receiver ("? ) is made larger. 

Next, let us consider the results depicted in Fig. 10. 

Note first that Cf is always negative since  oP-r/ö
Tl is negative. 

This occurs because as "H increases the receiver moves to a 
1  2 region where the dynamic pressure, -^-pU , and hence P^-, becomes 

smaller.  Our interest, then, centers on |Cr . 

We recall that Cr is essentially the noise to change- 

in-signal ratio, due to a small deflection. All, of the main j.t. 

Consequently we would hope to find positions within the jet 

where the receiver can be placed so as to minimize  C for 

a given value of AT|, just as we have seen how to minimize lf(p). 

It is clear from the nearly horizontal character of these curves, 

however, that independent of the receiver position, one obtains 

essentially 

constant 

ATI 
(34) 

where the "constant" depends upon the receiver width, Tl. 

This would tend to indicate that there is no position that 

minimizes Cf for a given deflection AT],  However, the results 

obtained for a few receivers spanning the x-axis indicate that 

the curves for -C^AT] begin to rise rapiJly once the receiver 

begins to span the center line.  As a matter of fact, since 

c3Pf/^'n can be shown to be zero when the midpoint of the rece'ver 

is on the x-axis, it is apparent that -CrATj goes to infinity 

under these conditions.  In a sense, then,  IcJ is minimized by 

keeping the receiver from spanning the center line of the jet. 
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Returning now co Fig, 10, and restricting the discussion 

to receivers which lie wholly above the x-axis, we see that the 

"constant" in Eq. (34) becomes smaller as the receiver width 

increases.  Thus, for a given value of A1!, we see that  CJ 

becomes smaller as the receiver width increases. 

Consider a simple numerical example of the significance 

of Cf.  When ^  ■ .10, the constant in Eq  (34) is approximately 

.023.  It can easily be shown that AT1 is approximately equal to 

the deflected angle A0 of the jet center line; thus, if Ic^- 

is to be, say, 0.30, a deflection of the amount 

A9 = An = 
corjgt:,ant:  = .046 radians _ 2.5° 

is required. 

Based upon the above discussion, the primary results of 

this work are that, for receivers above the x-axis, both lAp) 

ar.d jCJ become smaller as the receiver width increases. 

Kurthermo,-e, results based upon a few receivers spanning the 

x-axis indicate that Irip)   does, indeed, become a minimum when 

the receiver midpoint lies on the x-axis, whereas -C^ATi approaches 

infinity under these conditions.  Hence, I/r(p) is minimized by 

having the receiver on the x-axis, whereas |cJ is minimized by 

having the receiver stay entirely above the x-axis. 
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Effect of Receiver Design 

on Amplifier Perfnrmanct1 and Jft Profile 

of a Proportional  Fluid Amplifier 

By 

John A.   Kallevig 

Iloneywe'll Inc. 

AHSTRACT 

1'xporimental data taken using a proportional amplifier with a one-half 
inch power nozzle is presented to show  the effects of receiver geometry 
on the upstream velocity and total pressure profiles and amplifier per- 
formance.    The work has two major sections.    The first part covers 
the extreme case where the outlets are completely blocked and all of 
the flow exits through the vents.    The second part consists of a survey 
of the pressure distribution and velocities within the amplifier having 
no vents,   i.e.,   all of the flow exiting through the receiver.    These data 
were taken using four different receivers and belimouth configurations. 

Introduction 

One of the major concerns of the   fluid amplifier designer has been 
whether the receiver geometry will seriously alter the flow in the 
interaction region and change the gain and pressure recovery that can 
be expected.    Moynihan,   Reference 2,   has shown that the optimum re- 
ceiver width can be calculated to maximize the gain.    However,   this 
assumes that the receiver does not disturb the upstream flo\A7.    Although 
we regularly made this assumption,   its validity was always questionable 
so that it seemed appropriate that tests be made to determine just how 
important these effects would be.    This paper reports the results of 
experiments which were conducted to accurately determine the effect 
of the receiver design on the amplifier performance and the jet profile 
of a proportional fluid amplifier. 
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Description of Apparatus 

The experiments were performed on a large jet-interaction apparatus 
(Figure  l)*which has a central power jet and two perpendicular control 
jets with velocities in the power nozzle varying from 40 to 90 feet per 
second.    Total pressure of the power nozzle was limited to approxi- 
mately one to two inches of water gage,   with a power nozzle width 
equal to  1/2 inch.     Reynolds number,   based on power nozzle width, 
ranged from  12,000 to about 25,000.    The aspect ratio,   which is the 
power jet height divided by the power jet width,   was held constant at 
six.    The control port width was four times  the power nozzle width. 

The first series of experiments were performed with a barrier placed 
across the width of the amplifier normal to the power jet centerline. 
It was placed at a distance equal to 8 power nozzle widths downstream 
of the exit of the power nozzle as shown in Figure 2.    For the second 
series of experiments,   the barrier was replaced bv receivers which 
were machined from aluminum blocks.    Figures 7 to IS show the con- 
figuration used.    A total pressure probe,   attached to the movable 
upper plate,   was used to survey the total pressure at various loca- 
tions in the amplifier.    Corresponding static pressure measurements 
were made (simultaneously) using a static tap in the upp^r plate. 

Discussion 

To establish basic data for comparison,   the apparatus was set up with- 
out any receiver geometry installed.    The projected offset was fixed at 
1/4 the control port width and Wc/Wp =   4.0.    Total    and static   pressure 
surveys were taken at x/Wp =   4.5 and 8.5.     Figure 3 shows the veloc- 
ity profile at these two stations.    At x/Wp =   4. 5 it is still possible to 
detect the outline's of the control jets on either side of the power jet 
velocity.    However,   at x/Wp =   8. 5 the jets have combined to form a 
typical free jet with the c( ..frol jets forming an integral part of the 
smooth velocity profile.    Comparison of the two curves is allowed by 
making the total pressure dimensionless, dividing it by the power-jet 
total pressure and multiplying it bv a factor to make the centerline 
value equal to the theoretical centerline value of a free jet.     Figure 4 
shows this dimensionless profile (circles) superimposed on the theo- 
retical free-jet total-pressure profile as derived by Albertson (Refer- 
ence  1).    This comparison shows that the theoretical free jet is an 
excellent approximation of the measured values. 

The control jets are still discernible but the survey was taken just 
downstream of the control port exits,   at x/Wp =   4.5,   so this is  ex- 
pected.     Further downstream,   the similarity to the free jet is even 
greater. 

♦Figures   start   on   page   170. 
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One extreme condition occurs w 
and all of the flow must go out through the vents 
installing a wall or a barrier acr 
H   "      -T-L- 

hen the receivers ar<- completflv blocked 
"his  was  sirnulatfd by 

thf wnlth of the  am pi 
the static and total pres 

a 

lll.JLCllilll^a      VVclJl      VfL        ClUdlliTi        cl^l^SS      LIM WHiLllwl       MIT        tlMiLJllli'I        a <      /v/»' 

8. Ü. This is shown in Figure 2. Once again, the static and total pr< 
sures were measured at x/Wp 4.0 and the static pressure ^vas mea 
sured along the barrier. The squares in Figure 4 indicate the dimen 
sionless total pressure profile at x/Wp = 4.0. The curve -how- that 
the barrier had negligible effect on the total pressure profile a* this 
station. 

Figure 5 shows the effect of the barrier on the velocity profile at x/Wp 
4.0.    The pressure difference at  the centerline with the barrier is due 
to the data being taken further upstream    at the exits of the control 
ports.    This gave a slightlv greater centerline velo( itv,   and the control 
flow  effects are  more apparent.     Despite these differences,   the  veloc- 
ity distributions are quite similar and the barrier's effact  .s minimal. 

Figure fi shows the static pressure distribution measured along the 
barrier.    The static pressure distribution expected along the barrier 
can be calculated using potential theory (Reference 4).    The velocity 
at any point in the flow against a barrier is given by 

V      ^     A    (x      +   v   ) 

Substituting this expression :nto Bernoulli's equation 

P0 -  P 

gives 

1 
11 

P 

1/2 oV 

1/2 :A2(x2 f v2) 

Since we are only interested in  the    pressure distribution along the wall 
x -   0.    Also,   since the flow is symmetrical about the x-axis and the y 
term is squared,   only positive values of  y   are used.      Thus,   solving for 
the static pressure gives 

1 
o 

/2rA2v2 

where A is a real constant which depends on the free-stream conditions 
and v is the distance from the center of symmetry.    At the stagnation 
point the velocity is zero so the static pressure equals the total pres- 
sure.    For this particular geometry, A  =   772 cycles per second.     Phis 
includes a factor to make the static pressure at the centerline equal to 
the measured static oressure.     The parabola in Figure fi shows this 
prediction is accurate at the stagnation point and at high   velocities. 
Rut,   since  it fails to account for vi.scositv   .■cd,   henc,   boundary  la>ei 
effects,   it  is  not valid   farther a'Aa\   fron   the Centerline of the jet. 
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Ft   TS^ling (f^<f»T»-n( •■   h prf^t-nt-  ') >■ vt-locitv as a fun   'ion of th<- ff- ■ 
-itr't-arn v- bn itv for axiallv - vtnni't tii al fli-w   AI'I   ,I    tauna'ion point. 
J'^ing H'-rnnulh'^ ccjuat i .ui, .\ •■ i an > al« ulat«- 'hf  -'a'ic prf-^-ur"»- Ji-'n- 
tmtion ali)ng tht- barri»T.     Kigurr  ^ sh' ^-  ;hi^  ■ xpr'-s^ion to tif a much 
[jitter prt-iiiction 'ha:    that ^ivi-n bv po't-ntial tln-orv. 

■^iru-f thf hatT'ii-r ha>  riiiPinial ffffrt  <>n th»- up-t f-atn flovs   an i th»1 flow 
i orT'-spond- < losrlv to fr'f'-jct flo^   m thr plan»- of '\ i- dov^. n^t rfani 
'■ilgr of the i ontrol port-,     fir-t  cxp'T i rm-nt.-^  with r-i rivi-r-^ positioncci 
'} <■  -plittif at  thi^  plan»'.      I'l >   -li' -   of th.f outli'g--  AIT»   • \'< ndtd down- 
-tr-'^ani from this plan«-,   parallel  to th»- ^n-dr^r»-«- ^phttiT.     Movmhan'- 
mithod (HtfcrorK <■  2) for »^timatiny amplifier- (jam pr-fd., • , a pn -^urf 
ijain of about   -> v» n ft r this  ^ftup.     Ki^un      7 and H •-how  'v <■ vtdoc itv 
.ind total pn - -ivi- pi'ofilis at various  pla< ••-  in thf amplifo r.     Uith 
di      onfiguration.   the pre — urf ^am  .'.a-   I". 1  with a flow   ^ain of  14fd), 
11ovs ivi-r    thi   flow t hr<iu^h thi   rt'( n vrr of 11 is amplifier m-vi-r IXTom ••> 
''ullv d«'vi lopod bfiausr tf-c largf flow  gradi'Tit brtwi-rn the splittt-r 
i -Ti'irdint   and th«- outer i-dgr of thf rfcfivcr is acct-ntuatod bv th«' dif- 
fus» r,     I'his loads to significant lo-^o-  in pri s-^ur«' rocovorv becaus" 
i f thf lar^*' vrloi itv gradients,    sorn.- for m of mcivcr bollrnouth 
sfftin  i to t)f thf logical answer to make thf vflocitv di--'ribution more 
unifor m. 

Ihr first change consi stcd of reducing the offset f ro m   1/4 to  i / Hi of 
the control port  width.      This also rediu ed the recf'iver width fr-om  ri/H 
to ] / J. inch.     Figures 9 and  10 show thf velocity and total pressure 
profiles at various places in the amplifier.     Fhe pressure gain re- 
mained constant at about   17 but th" flow  gain was reduced to about 
12^.     The velocity profile and total prtssurf profile have about the 
same shape as before. 

Kor the next  series  of tests the receiver was modified v\ith curved in- 
let.s followed bv  a  - hoi t ' onvi rgin^ por-'ion,     Ihi- i au-ed the flow' a.on^ 
the   outer  .vail to be accelerated and  still allowed  slower flow  around the 
corner   of the control pi rts into the receiver.     Kigures   1!   and   12 show 
the veloc itv and total pressure profile for thi- ( ondition.      The flow  im- 
provements, which were experienced due to the converging  sect ions, vvere 
countera' ted bv the diverging sections  so that the net ^ain was negligible, 
except for the reduction in velocity around  thf corner from the control 
ports into the  receiver.    Also,   although the flow  ^ain advanced from   ^ri 
to about  S.Sü.the pressure ^ain dropped to  l ]. \. 

There is a limit to how far the offset i an be reduced,   especially with 
large control ports.     If,   for instance,   the offset were reduced to  l/H the 
control width,   the downstream edge of the control port will perl off [-.art 
of   the power flow  on one side so that  flow  w ill  leave through  that   control 
port rather than enter through both,   as is  more customarv.     This  could 
lead to difficulties  m -ta^in^ amplifier- and i-  not desirable for  most 
applications,    it could also cause other-   iifficulties such as attachment,   etc 
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Thf last  st<'p was to round i)ff thf  r«^ -ivt-r ports  ••vt-n mor«' and  r*-- 
due •• the nutlfg wuith to 0. 20 imh ■ Ida- gav»- an indft f-r rninatf 
projortrd-offs t-t.    Also,   no diffust-r st-c'ion wa-  us»'d.    srvrral   addi 
tional   prrssurt' ni^asurfno-nt.-   wt-r»- mail»- at various plac--  in thf 
outlets.     Figart-s  13 and   14 shuv*.   that as far upstrfam a^ x / \K H. o 
thf flow  is a.roadv fullv dfVfiopcd >o that thf bfllmouth is  vfrv 
effi« ifnt.      1 hfffforf.   in this configuration,   thf diffusfr iiv.ld probahlv 
start this far upstream,    Howevfr,   '.hf diffusfr should start on both 
sidfs rathff  than just on thf outsice as has bffn don»' in thf past. 
Then,   if nfcfssarv,   thf whole channfl i ould curvf outward from the 
centfrlinf.    The flow and orfssurf gains could not be mfasur«  i b< - 
cause thf control vfh c itif-i  wer»- too small to bf rnfasurt-d with our 
existing in itrumentalion. 

Two small amplifiers with geomftrv similar to Figures 7 and  13 wer«- 
constructed.     Hoth have aspect  ratios of 2.') with   power nozzle widths 
equ.ii   I   >   I). I);'j(j   .ncti.       1 h<     pi    ijeclecl     ddstt   . s    . / 4   I tie   c   ml I cj.   [»Oft   V<, .ilth, 
which is four times as wide as thf power nozzle.      I he receivers tor 
the  f 11 -t    me (F igu re '») ,i n-   j. njo   met. ^ A\<-   uid  ,■ re U. 1)4 0  .nch \K \-><- ho 
one similar to Pigurf  13.     The data has not v« t been fullv analv/fd 
but the pressure gain for the first  model varies between 5 and  1 ri(   de- 
pending on the operating conditions.     The pressure gain for the second 
model is slightly less but the linear range appears to be greater. 

One of the problems encountered in testing these small amplifiers was 
in measuring the static pressures in the interaction regions.    Several 
pressure surveys taken in the largf amplifier showed that this pressure 
is the same as thf total pressure in thf control ports,   provided tner»' 
are no   leaks from one channfl to another or to the atmosphere.    See 
Figure  1 ["■). 

("onclusions 

The interaction data indicates that downstream geometrv,   i-xcept for 
raising the pressure level of thf amplifier.   doe>   not affect the velocity 
and total pressure profiles upstream.    Thus,   the receivers can be 
positioned at 'he downstream   edge of the control ports,   eliminating the 
need for a crossover channel,   reducing noise,   increasing the linear 
range and making the amplifier easier to build. 

Giving the receiver a bellmouth shape is advantageous m that i' makes 
the flow fullv-developed sooner.     This helps to reduce losses and makes 
it possible to shorten the outlegs,   thus,   reducing the size.    However, 
these tests show that gain is also sacrificed bf cause the bellmouth shape 
has a large projected offset and yet the receivers are sm.ill.     Moymhan 
(Reference 2) show-- that there is an optimum receiver size and projected 
offset for maximum gain.     In using the bfllmouth shape,   we can nd longer 
keep these optimum  -izes.     If the offset size is optimum, the offset is too 
large.    The pressure gain decreased from  17 to  13.3, 
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Two small  amphhrrs havf i-   >T, I—.• i   'hr fir1-*  v,i'u ('• i in.!'1 r v -.■;....ii" 
'.i  'hai  slio^i ^urc  li   ,i,i] ';,»   .s.-iiir.o bin..Iur  'o 'ii.n  si.nv.n .r, 

i 'ut'i    i <.      iii>   («iwi'i' and LOfitroi ports art' nitT.t .cal.     I'"' n.. ,■, 
lUlU'rence  is in thf  rccciViT ^corni try.     Prriiin. ..JPV 'rsts  . .c.i ,i'v 
that the amplifier with bellniOuth -snap<'ci rrct'iv.-r iia>. pnori-r pn's.iuro 
^ain but slightly better linear range.     No noise data has been taKen. 
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Symbols 

MR 

, o 

p 

Q 

s 

V 

Mass Ratio MH 

Static Pressure 

TotaJ Pressure 

Average Prt'ssur«" 

Mass Flow (equivalent volume flow at standard conditions) 

Control Port Switch 

Velocity 

Port Width 

Distance downstream from the power  nozzle exit 

Distance from the centerline of the power nozzle 

Deflection angle of the power jet 

Mass Density 

Subscripts 

c Control Stream 

p Power Stream 

1,   2 Denotes particular control or outlet 
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Figure 1.    Jet Interaction Experimental Apparatus 
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MR = 0 20   OR    0 30   WITH     BARRIER 
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O   NO   BARRIER,   SURVEY     AT     x/Wp=  4.5 

G    WITH    BARRIER,    SURVEY    AT    x/Wp=4.0 

Figure 4.     Con.p.iri.-on of Inlnaction with Theoretical  Free Jet Total 
Prts.surf Profile,   v. uh ami without a Barru-r 
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AXIALLY     SYMMETRICAL    FLOW 
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I-'.IMUT 6.    Static  Pri'.s^urt   Di.strilnition Along a Bar r i f r 
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INTRüDUCTION 

The primary objectives of this investigation are the understanding 
of the mechanism of switching of a cusped bistable amplifier, exp ora- 
tion of the pressure and flow fields, and the formulation of analytical 
techniques which will allow the prediction of the steady and transient 
behavior of the amplifier in terms of its relevant parameters. The ex- 
perimental data and visual observations constitute the backbone of the 
first part of the investigation, for it is the characteristics of the 
amplifier that permit the design of a working model and the understand- 
ing of the internal mechanism of the fluid motion. 

In addition, this investigation is concernea with several other 

areas of interest which are related to or come as by-products of the 
main investigation described above. These include design optimization. 

*The financial support of the Harry Diamond Laboratories, U 
Army Materiel Command is gratefully acknowledged. 
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generalization of  results   to  vented anphfiers,   scaling effects,  and 
prediction  and  control   of   pressure  rcrturbations. 

DESCRIPTION OF THE  AMPLIFIER 

The geometrical   characteristics  of   the  airolifier chosen  for  the 
investigation ureshown   in  Fig.   1*.     It  has  evolved  at   the end of exten- 
sive qualitative and semi-quant i tati ve studK-s  with   the use of a water 
table.     No vents were  provided and no special   attempt was made  to pre- 
vent   the spillover of   flow   from one  load  port   to   the other.     It  should, 
however,  be noted  that   the  data obtained with   the  present model   dis- 
closed  characteristics  which made possible  the  design of a  vented  and 
an  unvented amplifier whose  performances appear  to  be quite satisfac- 
tory.     It  should  further  be  noted  that  tne  conclusions  presented here- 
in  concerning  the mechanism of  fluid motion  are  dependent upon  the 
general   form of  the amplifier  rather  than on   its   specific  dimensions. 

ihe  location of static pressure taps are also shown  in Fig.   1. 
Each  pressure  tap was connected to a Sanborn-267B differential-pres- 
sure   transducer and  the  pressures were  recorded  simultaneously on  a 
multi-channel   recorder. 

Pictures were  taken with a modified high-speed motion picture 
camera using the flow visualization  technique described elsewhere-»-. 

PERFORMANCE TESTS 

Closed Controls - Active Port loading 

The test .et-up used for the experiments in the flostd control mode 
is shown in Fig. 2.    Once the particular supply pressure was set. the 

♦This amplifier was used only for the tests with water.  The one 
used with air was geometrically similar to and one half tne size of 
the water model. 

♦T. Sarpkaya and C. J. Garrison, "Vortex Formation and Resistance 
in Unsteady Flow," Trans. ASME, Jour. Appl. Mechs., Vol. 30, ser. t. 
No. 1, March, 1963, pp:  16-24. 
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Fig. 2    Schematic Diagram of the Test Circuit 

test procedure was first to adjust the loaa restnctor valve to the de- 
sired value. Then the flow rates and tne pressures at tne points noted 
were recorded. Once the measurements were completed, the load restnc- 
tor valve was re-set to a new value. Data points were taken with the 
load rcstrictor valve at settings ranging from wide-open to nearly shut. 
It is clear that as far as the flow and pressure recovery characteris- 
tics are concerned the most unfavorable condition corresponds to the 
wide-open setting of the valve at the off-side load port.  However, to 
avoid any ambiguity in the interpretation of the results it must be 
noted that during each test the setting of the off-side load-port valve 
was varied within wide limits*, and it was found that the two load 
ports are quite effectively decoupled. 

The results arc shown in Fig. 3 in terms of pressure and flow re- 
covery factors.  It is evident that for two different fluids and a wide 
range of velocities the load pressure recovery remained at about 80 
per cent for flow recovery factors below 60 per cent and gradually de- 
creased for higher output flows. The maximum flow recovery varied from 
90 per cent down to 80 per cent as the supply pressure was increased 
within the limits used in the tests.  The power recovery factor is 

*Thc state of critical closure (nearly shut-off) at which the jet 
will switch from one side to another must be excluded. As lona as the 
setting of the valve is above the critical-setting, the active and pas- 
sive ports are effectually decoupled. Had vents been used this restric- 
tion could have been easily removed. 

4 
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Fig. 3 Normalized Pressure and Flow Characteristics 

Shown in Fig. 4 as a function of PQ/PJ,-  The P^k efficiency is about 

42 per cent and occurs at PQ/PS ' 0.60. 

Other related steady-state characteristics of the amplifier con- 
cern the differential pressures at the control and load ports and the 
pressure distributions in the interaction and wall attachment regions. 
Finure 5 shows the normalized differential pressure between the two 
control ports as a function of Qo/08 • The relationship between these 
two parameters appears to be almost linear, Ap-Vp varying from 0.20 

at the highest active port flow rate to 0.10 r,ear-  the point of switching 

Figure 6 shows the normalized differential pressure between the 
two load ports as a function of the normalized differential control port 
pressures. When the load restrictor valve is wide-openithe differential 
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load pressure is naturally quite small. As the amplifier is loaded the 
differential pressure increases rapidly to about 0.60. 

The characteristics of the interaction region cannot be fully eval- 
uated without considering the associated pressure field.  It is not, on 
the oth^r hand, practicable to present the variation of pressure at 
every point shown in Fig. 1.  For this reason only two points (No. 1 and 
No. 5) are selected for the present discussion.  Figure 7 shows the var- 
iation of the corresponding normalized pressures as a function of OQ/QS- 
The pressure in front of the cusp (point No. 5) increases with increas- 
ing load at the active port and, during the period of switching, almost 
reaches the stagnation pressure; i.e. p«, - p^.  For a similar amplifier 
but with wider receiving ports the rate of rise of pressure at the cusp 
with OVO would be somewhat smaller until the time of switching and 

o  8 
quite rapid thereafter.  The pressure at point No. 1 shows a similar 
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variation.  Its maximum value, however, is considerably lower than that 
of po'nt No. 6 because of the larger velocities prevailing there. 

Figure 8 shows the evolution of pressure along the wall in the jet 
attachment region for a guasi-steady state loading of the active port. 
When the active port is full-open, the jet attaches at about x/w = 2.b. 
With increasing loads the point of attachment moves downstream and the 
pressure in the bubble gradually increases*.  The configuration of the 
power jet and the formation of vortices in the attachment region and 
at the two sides of the cusp are clearly visible in the pictures shown 
in Fig. 9.  It is observed that although the vortex on the active-port 
side of the cusp effectively blocks the power jet and precipitates 
switching, the vortex on the passive-port side of the cusp delays 
switching by choking the flow into the passive side.  It appears that 
streamlining the edges of the cusp will improve the performance of 
tne amplifier. 

Mt will be seen later that when the power jet is switched with 

the control jet, the pressure in the bubble gradually decreases until 
the time of switching. 
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jet It is observed that pVps decreases only slightly as the intensity 
of the control jet is gradually increased.  The variation of the control 
supply pressure with the control flow rate for various initial loadings 
of the active load-port is shown in a similar plot in Fig. 11. 

The variation of pressure in the attachment bubble is shown in Fig. 
12.  This figure points out several interesting features of the switch- 
ing mechanism.  In the absence of control flew the jet attaches at a- 
bout x/w -  2.5*.  Between the point of attachment and near the entrance 
into the load port the pressure remains fairly constant and then 

*A theoretica. analysis, based on the free streamline theory, for 
the prediction of the point of attachment in terms of the relevant pa- 
rameters of the amplifier will be reported separately. 
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Fig. 9 Switching With Active Port Loading 
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Fig, 10 Normalized Pressure and Control Flow Characteristics 

increases rapidly as the power jet proceeds into the load port.  When 
the control flow is turned on and gradually incre5sed)the attachment 
point moves further downstream and the pressure in the bubble rapidly 
decreases.  It should, however, be noted that in the zone a short dis- 
tance beyond the point of attachment the pressure increases slightly 
and near the entrance into the load port it decreases once again^as 
one would have expected. One may, therefore, conclude on the basis 
of the above observations that switching is not due to a build up of 
pressure in the attachment bubble. Ihe analysis of the pressure field 
and visual observations (see Figs. 13 and 14) show that the control 
flow plays a twofold role in the switching mechanism. When the con- 
trol flow is turned on, its momentum deflects the power jet away from 
the attachment bubble and in the meantime its mass satisfies the en- 
trainment of the attachment zone. The pressure in the bubble de- 
creases as the intensity of the vortex increases with increasing con- 
tro! flow rates. As the jet is deflected away from the active side 
the latching vortex gradually flattens out between the jet and the 
passive-side wall and subseguently breaks up into smaller vortices as 
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seen  in Fig,     4.     This action  reduces   the pressure  along  the wall   (pas- 
sive side)   and not  only compensatos   tor  the decrease  of   pressure  in  the 
original   attachment zone but also provides  a net pull   on  the  power jet. 
Hence,  switching   is  accomplished   in  part  by  the momentum   imparted  by 
the control   jet and  in part by  the positive differential   suction pro- 
vided by  the   latching  vortex.     Needless   to say  the  latter  could  not 
have come  into existence if  it were not due  to the  triggering  action 
of the momentum of the control   jet. 

The   intensity of  the  latching  \ortcx  is  determined  primarily  by 
the amount of  that portion of  the  pi-wer jet which  is  diverted and de- 
flected by  the cusp  in front of  the splitter plate.     Consequently, 
the smaller the width of the  load  port  relative to  the power  nozzle, 
the  larger  is  the  intensity of  the  latching vortex  and vice versa. 
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However, it is clear that increasing the vortex strength by decreasing 
the area of the receiving port reduces the effectiveness of the ampli- 
fier and causes excessive energy loss. The optimum of the ratio of 
the width of the receiving port to the power nozzle appears to be 
about 1.6. 
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Fig. 13 Switching With Controf Port Loading 
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Fig. 14 Switching With Control Port Loading 



Transient Switching of the Power Jet 

Upon the completion of the tests with quasi-s'.eady stat* switch- 
ing, experiments were conducted to determine the transient character- 
istics of the amplifier and to explore the differerces betwe-en the 
steady and transient states.  For this purpose the load restrict'. '- 
valve was set at various values and after a steady state was ach' ved, 
a control signal was applied impulsively at the contrc1 port on the 
active side of the amplifier. A sample recording of the variation 
of pressure at various representative points is shown in fig. 15. 
The comparison of these recordings with those obtained with quc:':i- 
steady state switching shows that in the amplifier there are :wo types 
of pressure oscillations. The first which is an oscillation of very 
high frequency is due to turbulence created during the penetration 
and expansion of the power jet into tne interaction region and the 
entrainment of flow in the passive side of the amplifier. The second 
type of pressure oscillations is due to the compression and rare- 
faction waves created during impulsive switching. These waves are 
most apparent in the active and passive load ports irmediately after 
the start of switching. The major frequency of these oscillations is 
detemined solely by the inertance and capacitance characteristics of 
the receiving lines. The intensity of the waves is determined by the 
velocity of sound, the change of local velocity of fluid in the ampli- 
fier and in the receiving lines, and the density of fluid, i.e. 
AP ■ pCAV. The propagation of the expansion and compression waves 
and their complex interaction with time is shown in Fig. 16.  This fig- 
ure shows that when the control jet is turned on impulsively, a com- 
pression wave is created. This wave is partly reflected as a rare- 
faction wave and partly transmitted as a compression wave into the op- 
posite control port, power jet (if subsonic), and into the receiving 
ports. The compression waves in the load ports are reflected as rare- 
faction waves back to the interaction region.  In the meantime the 
waves in the control ports, interaction region, and the power jet re- 
flect back and forth and in an extremely short time create a very com- 
plex wave pattern. The relative strength and position of these waves 
as well as the transient switching of the amplifier depend on the length 
of the associated circuits or in other words on the acoustical charac- 
teristics of the entire system.  It is evident from this discussion that 
under the right circumstances the compression and rarefaction waves in 
the separation bubble and in the off-side load port may be sufficient 
to switch the amplifier. 

Returning to the discussion of the comparison of pressures at vari- 
ous points just before switching in the steady and transient cases, it 
should be noted that the data taken for both cases was analyzed and 
plotted in Fig. 17 in terms of Q+/Q and the ratio of the corresponding 
transient and steady-state pressures at representative points.  It is 
observed that the mean of the said pressure ratio is about unity and 
that the quasi-steady state characteristics of the amplifier are 
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identical with those of the transient state with the exception of the 
shock waves which during swi tching cmpletely alter the pressure pat- 
tern in the amplifier and render impossible the discussion of an aver- 
age pressure field. 

CONCLUSIONS 

The investigation of the steady and transient behavior of an un- 
vented, cusped, bistable amplifier has shown that: 

a. the pressure, flow, and power recovery factors of the amplifier 
are considerably increased by the cusp in front of the splitter plate 
or in other words by the presence of a latching vortex; 

b. as the flow into the control port is increased, the point of at- 
tachment moves downstream and the pressure in the attachment bubble 
decreases rapidly; 

c. the stagnation point on the splitter plate moves from the sharp 
edge of the cusp into the circular arc portion of the cusp and this in 
turn creates a vortex at the active as well as passive-load port sides 
of the cusp; the vortex in the active load-port side effectively blocks 
the flow but the vortex in the passive load-port side delays switching 
by choking the flow just beginning to enter into the passive leg; 

d. the latching vortex is pushed toward the wall on the passive side 
and as a result of this the pressure along the wall (passive side) is 
rapidly decreased. This in part compensates for the decrease of pres- 
sure in the attachment bubble in the active side and in part provides 
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suction or pull on the power jet. Hence, switcmng is accomplished in 
part by the momentum imparted by the control jet and in part by tne pos- 
itive differential suction provided by the latching vortex; 

e. the mean transient characteristics of the amplifier are very near- 
ly identical with the steady-state characteristics with the exception 
of the shock waves created by the impulsive loading of the control jet; 

f. the propagation of the shock waves In the amplifier and in the con- 
necting lines may be analyzed by considering a particular amplifier and 
the characteristics of the incident and reflected expansion and compres- 
sion waves. The main drawback of such an analysis comes from the dif- 
ficulty of determining or estimating the wave transmission and reflection 
coefficients of the interaction region.  It is clear that the sharp cor- 
ners at the end of control ports, power nozzle, and the cusp set up sec- 
ondary shock wave fronts and render the determination of that portion 
of the incident wave which Is transmitted into the load ports rather 
difficult; 

g. the flow visualization technique employed in the present investiga- 
tion is quite satisfactory for understanding qualitatively the switch- 
ing mechanism and for quick evaluation of the streamline pattern of an 
amplifier before its actual testing. 
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NOMENCLATURE 

c 
P 
Px 
Q 
vT 
w 
D 

velocity of sound 
pressure (psig) 
pressure at point x 
flow rate, (cfm) 
throat velocity 
width of power nozzle 
density of fluid 

Superscripts: 

♦   active, (on-side) 
passive, (off-side) 

Subscripts: 

c control port 
s supply 
o load port 
x point x 
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PER^^MANCE CHARACTERISTIC: GT \'^Rlh\ AMi-Lit it,tv> 

G. R. ROWLAND 
BENDIX PRODUCTS AEROSPACE DIVISION 

SOUTH BEND, INDIANA 

With the Introduction of the concept of controlling and amplifying a fluid flow by use of 
secondary control flows, an entire family of fluid Interaction devices has been, or are, 
being developed.   A large percentage of these devices Is based on the jet-on-jet configura- 
tion In which the control fluid Intersects the power jet at right angles and causes the com- 
bined flow to deflect from one receiver to a second receiver. 

The purpose of this paper Is to present recent developments of a different version of 
fluid amplification, namely, the vortex amplifier.   Although the concept of the vortex 
amplifier is not new, the development of this device has not received the attention which 
potential applications warrant.  It is hoped that this paper will help to draw attention to 
the vertex amplifier addition to the family of fluid Interaction devices. 

THE VORTEX AMPLIFIER 

The basic vortex valve or amplifier is shown schematically In Figure 1.   The device 
consists of a cylindrical chamber with a wide slot cut Into the periphery of the chamber 
radially, and a smaller slot cut along a tangent to the periphery.   A hole Is provided 
through the end wall concentric with the chamber diameter.  The device is usually con- 
structed from three plates.  One plate, containing the circular chamber and milled 
slots, is sandwiched between the two end plates which contain the outlet or outlets and 
the appropriate fittings.   Figure 2 (a) shows three vortex chambers made from plastic, 
and Figure 2 (b) shows an assembled unit. 

A supply flow Is Introoaced to the radial slot and allowed to leave the chamber by the 
center hole.   Usually the dimensions of the chamber and inlet are such that the outlet 
hole represents the predominant restriction.   The entire chamber, therefore. Is at 
essentially supply pressure.  If a second flow Is Introduced Into the chamber by the 
tangential slot, the Inte; action of the two flows will cause a rotational motion to occur 
at the periphery of *he chamber.   The combined flow will follow a spiral path to the exit 
hole.   By the conservation of angular momentum, the tangential velocity of the fluid will 
Increase rapidly as the radius of rotation reduces.   The centrifugal force generated by 
the high rotational swirl near the exit Is reflected on the radial Incoming flow as a high 
Impedance.   Therefore, the Impedance of the vortex valve Is greatly Increased by the 
tangential Injection of a small control flow. 
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Typical Perfurmance Characteristics 

Since the required control flow is less than the maximum supply (low (lor a oven supply 
to exit pressure differential), flow amplification results.   The amount of swirl generated 
in the chamber depends on the1 interchange of momentum.   Therefore   lari^e flow reduc- 
tion can be obtained by using a small control port area.   The maximum to minimum exit 
flow ratio is then dependent on the control port to exit hole area ratio.   However, lartuj 

flow amplification factors are obtained at the expense of higher control tu supph pres- 
sure differentials.   A trade-off isthen obtained between flow and pressure amplification. 

Load Pressure Pickoffs 

As the vortex amplifier is a fluid interaction device and depends on the reaction of con- 
trol and power flows, .t is not possible to reduce the output flow to zero.   For certain 
applications where a zero load flow Is required, one of two receiver configurations can 
be employed.   In Figure 3 (a) an external receiver is inserted downstream of the vortex 
chamber outlet.   When the chamber is at full flow condition, the flow leaves the exit hole 
in a solid jet and is collected in the receiver.   In the full turndown or maximum swirl 
condition, the flow leaves the chamber and fans out in a conical spray, completely by- 
passing the receiver.   The high velocity of the conical flow can cause aspiration in the 
receiver.   This aspiration is indicated in the calibration shown in Figure 3 (b) by the 
negative portion of the load pressure characteristic curve. 

A second method of reducing the load flow to zero is shown in Figure 4 (a).   In this config- 
uration, the load flow is taken from a hole on the opposite wall and concentric with the exit 
hole.   This internal receiver will be referred to as the "P    tap".   Although the maximum 
load pressure obtainable in the external receiver configuration is limited by the losses 
inherent in the recovery of a high velocity ]et. the maximum dead ended pressure ob- 
tainable at the P   tap is close to the supply pressure.   The minimum P0 pressure 
obtained at full swirl condition is dependent on the ratio of the P0 tap diameter (d ) to 
the exit hole diameter (d ).   A calibration of P    against control pressure Pc is shown 
in Figure 4 (b). 

Figure 5 shows the relationship between the P0 pressure to valve downstream pressure 
(P ) ratio, and the diameter ratio for a supply pressure of 50 psia.   The P0 pressure is 
less than the downstream exhaust pressure Ü the P0 tap diameter is less than 80 "r of the 
exit hole diameter.* 

The P0 tap can be useful in the following ways: 

1. It provides a method of calibrating and comparing the performance of vari- 
ous vortex valve configurations, without the necessity of measuring flows. 

2. It provides an output receiver which is particularly useful when the load 
impedance is essentiallv infinite (such as a bellows or spring-loaded piston). 

3. rhe P-j tap can be used to obtain an adjustable gain amplifier stage. 

*It has been recognized that the relationship shown in Figure 5 is dependent on the supply 
to exhaust pressure ratio; and that maximum and minimum P0 Pe ratios exist.   These 
conditions and limits have not, to date, been fully evaluated. 
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Items 1. and 2. are seif-explanalory.   Item 3. probably requires further explanation.   If 
the vortex amplifier exit ;ind P    tap are connected externally as shown in Figure 6 (a) . 
the total outlet flow (wt) is equal to ihe sum of the flows from the exit hole and the ?„ 
tap.   Therefore , wt = w0 + we. 

If d0 de = .8, then at maximum flow condition the pressure upstream of both exits is 
essentially supply pressure and ^omax  = (-8)    ^max- 

Thus w = w + .64 w - 1.64 w ,   However, at the full turndown condi- 
tmax        emax emax emax 

lion P    P     - 1 and therefore w =0. 
o     e omin 

Thus. wtmln  = wemin. 

The maximum valve output flow has been increased by 64 r , while the minimum output is 
unchanged.   The corresponding increase in flow amplification is illustrated in Figure 6 
(b).   U a variable restrictor is placed in the P0 tap line, the range in flow amplification 
can be adjusted between the limits shown. 

Multiple Inputs and Bias Control 

The vortex valve can become a more useful device by using multiple control ports. 
Although the schematic of Figure 1 shows the control port ii.ieracting directly with the 
inlet supply flow, experimental evidence has proven that the control can be injected 
along any tangent line to the chamber periphery.   Multiple control ports which generate 
a swirl In the same direction have additive effects.   Control flows which tend to oppose 
each other are subtractive. 

The latter effect can be used to obtain negative calibration characteristics.   That Is, 
an Increasing control flow in a biased valve causes a reduction In the valve impedance. 
A typical calibration of a biased vortex valve Is shown In Figure 7. 

The effect ot summing and subtracting control inputs can be useful In servo system? 
where it is necessary to compare command and feedback signals with a minimum of 
cross impedance.   Multiple control ports can also be used to obtain dynamic compensa- 
tion.   A lead network, shown in Figure 8, consists of two opposing control ports connected 
from a common input signal.   One control line contains a rtslstance (orifice) and capaci- 
tance (volume).   The opposing control line contains only a resistance.   For any quiescent 
input signal, the two control ports are balanced and the output flow or pressure is inde- 
pendent of the input signal level.   For a changing input signal pressure, the time required 
to compress the gas in the volume capacitance causes the pressure at one port to lag 
the pressure at the opposing port.   A swirl is then generated, and the output pressure 
will reduce by an amount proportional to the rate of change or time derivative of the 
input signal. 

It can be seen that a lag circuit Is obtained if the two control ports are additive. 
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Dynamic Response Characteristics 

A digital computer program was deveUj|)ed to calculate l)oth the steady state perforrr.anrc 
of a vortex valve and the response to a step change in control pressure.   Figure 9 shows 
the comparison between computer and measured data for a one inch diameter vortex 
chamber.   The valve response consists of a transportation delay and a single order lag. 
For this particular valve, the delay is 2 milliseconds and the la^ time constant is 8 
milliseconds.   For smaller valves of the same configuration, the response is much 
faster, and lor larger valves the response is slower.   The transportation delay can t*? 
approximated by the equation: 

( d / 
e ' 

13.44 N ^RT 

where D -   valve peripheral diameter (inch) 

d ~   exit hole diameter 'inch) 
e 

R gas constant (in.lb.  11). decree) 

T   =   gas temperature (degrees) 

N   =   average flow turndown ratio at the test condition! 

L   =   chamber depth (inches) 

AMPLIFIER STAGING 

w    - w 
o        onun 

lw - w 
omax        omm 

Single Ended Circuit 

Vortex valves can be used in series to obtain high amplification factors, by attaching 
the output of one valve to the control port of the second valve.   A schematic and typical 
amplification curve is shown in Figure 10.   In this configuration, a 1  2 inch diameter 
vahe was used to drive a one-inch diameter valve.   An overall pressure gain 
( AP „   AP  ,) of 40 was obtained.   The linear pressure gam of each stage was 7. 

o2 c 1 r 

One of the mam advantages of staging with vortex devices is the fact that all of the flow 
introduced at the various supply and control ports is available at the outlet of the power 
stage.   This is not possible when a constant flow amplifier is used. 
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Push-Pull Circuit 

When a single control input is used, the control is applied to both valve A and valve B. 
An increasing control pressure will cause the impedance of valve A to increase and. 
since valve B is biased, its impedance will decrease.   II valves A and B are identical 
and symmetrical, the total impedance to supply How will be independent of the control 
signal level.   The common suppiv pressure to the two valves can then be set by a fixed 
restriction from the source pressure level.   High amplification factors can be obtained 
by sta^in^ the outputs to control inputs in the conventional manner.   No lurttier biasing 
is required in the other stages, since the inputs are in push-pull from trie preceding 
stage.   The suppiv pressures to each stage can tx* maintained at   the req urc-d level  by 
suitable   restnctors from the source pressure.   Figure 11 (b) shows th«   output pressure 
differential ( ^P,,) against input control pressure (Pt.) obtained from a single stage push- 
pull circuit.   This figure indicates the ^ood linearity obtained ovei a large percentage of 
the useful range.   The comparison of the test data at two suppiv pressure levels (60 psi^ 
and 120 psig) shows that although the range of differential pressure output is proportional 
to supply pressure, the nain of the circuit is independent of the pressure level.   By 
dehberateh  unbalancing the impedance match of the two valves, the common suppiv 
pressure can IM? made to increase or decrease, with an increasing control flow.   In this 
manner, the control impedance reflected at the input can \H' varied from essentially 
zero to a hi^h value.   This variation in input impedance can IH  useful in matching a 
sensor outpu* to an amplifier input for optimum circuit performance. 

If a push-pull control input is obtained such as from a torque motor flapper, no bias is 
required on the first stage of the amplifier. 

Some of the advantages of employing a push-pull circuit include reduced sensitivit\ to 
supply pressure level and supply noi^e, insensitivity to l)oth gas temperature and mater- 
ial thermal expansion effects, and ease of obtaining the required stage supply pressures. 

APPLICATIONS 

In this section, two applications for the vortex amplifier are descril)ed.   These applica- 
tions are sufficiently diflerent m concept to provide examples of the adaptability of the 
device. 

Amplifier and Compensation Network 

Figure 12 shows an amplifier and compensation network for a pneumatic actuator, which 
has been developed for NASA-Marsha l Space Flight Center.   The amplifier consists of 
four stages of vortex valves in push-puJ operation, which provte an uncompensated ^ain 
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of 1400.   An input pressure differential at the torque motor flapper of approximately 
1   3 psi prtnides an output load pressure differential of 410 psi.   The supply fluid is 
hydrogen at 800 psi. 

The output stage, consistii\g of four vortex valves m a bridge arrangement, replaces the 
conventional spool type servo valve.   The load pressure and flow power a pneumatic 
vane motor.   The vane motor, through a plar.etary transmission and tall lead screw, 
produces a high force linear stroke output for gimballing a nn ket engine. 

Position feedleick is obtained from pressure pickoffs from a linear cam attached to the 
output shaft.   A position command caused by motion of the torque motor flapper generates 
a pressure diflert   lial at »he input to the amplifier.   The resulting motion of the output 
shaft changes the position pickofl bleed areas.   The amplifier input pressure differential 
will reduce to zero when the bleed areas of the position pickoff balance the bleed areas 
of the torque motor. 

Dynamic  compensation is obtained by summing a motor speed signal and load pressure 
differential at the input stage to the amplifier. 

A breadboard version of the amplifier is shown in Figure 13. 

Commutation Circuit 

Figure 14 shows a commutation circuit for a new concept in pneumatic actuator.   The 
circuit is basically a logic circuit which increases or reduces the pressures applied 
to eight bellows.   To operate the actuator, it is necessary to pressurize the IHMIOWS 

sequentially in groups of lour.   To do this, the sixteen selector valves accept as in- 
puts the directional signal from a bistable amplifier and the actual position of the out- 
put member (obtained as the upstream pressures of four variable bleed orifices).   The 
combination of inputs causes one pair of vortex selector valves to operate in push-pull 
and provide control signals to two of the eight power valves.   The P0 tap of the power 
valves is connected directly to the bellows.   The relationship between the position pick- 
off pressures and the corresponding pressurized bellows is such that continuous sequenc- 
ing of the bellows occurs   in a mann« r similar to the brush commutation of an electric 
motor.   The pressure error valve output applies a bias to the power valves which is in- 
versely proportional to the absolute value of the input error signal.   This bias dictates 
maxi.num bellows pressure (and therefore output torque) obtained. 

This circuit is an example of the analog logic functions which can be performed without 
the use of mechanical valving.   The actuator has been developed under a NASA Lewis 
Research Center Contract. 

Other Applications 

In the area of controls for gas turbine engines, the necessity for multiple closed loop 
controls leads to requirements for simple and reliable sensors, logic circuits, ampli- 
fication and power devices.   Operation ol one or more vortex valves as speed sensors, 
temperature sensor.1 . pressure ratio sensors, logic sequencing and amplification have 
been demonstrated.   The insensitiv ity of the circuits to supply pressure level allows 
use of the compressor discharge pressure as an unregulator source. 

218 



f- n -* 

Suppls 
 i  

Supply 

Supply 

Supply 

W /K. 

^ 
T 

Vent Vane 
Motor 

Vent 

Supply 

First SUf;e 
Transmission 

Vent 

Rate 
Sensor 
IZ]— 

1 
laXo 

w V  — 

Figure 12 

219 



Figure 13 

HU'lTlMC  IllHlMT 

■. ^•^--^^ 

llltCTO« 

• ■ OlHOTii \urn.i rttwvi 
»OLIO UMlt IMOlClM   MI&M  '• 

U»l r♦ - - -I  

»M^llKIt  ^ V ■- 
Mutual ■••M       \ 

»»t»l 

220 
Figure 14 



SUMMARY AND CONCLUSIONS 

The vurtex valve as an amplifying device offers unique advantages over other concepts 
of "pure fluid" devices.   The Iwsic amplifier is easy to fabricate by conventional machin- 
ing techniques, it is capable ol operating reliably and predictably over a virtually in- 
finite range of pressure differentials, and it does not contain any splitters, receivers 
or other critical geometric shapes.   The vortex valve can be scaled from a minimum 
dictated by dirt sensitivity and fabrication techniques to the largest size capable of 
providing the required dynamic response. 

The pressure available at the output ranges from the supply pressure to a pressure less 
than the vent pressure.   Employing push-pull circuits materially broadens the potential 
usefulness of the device, and the conservation of flow in multiple staging provides high 
power efficiency. 
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FLUID VORTEX AMFLIFm OPTIMIZATION 

by 

I. Grebor, P, E. Koerpar, O.K. Taft 

Aba tract 

A vortex amplifier is designed to obtain maxiauii flow shutoff 
capability. Ewpirical relations are established which describe the 
maxinnm flew conditions of the aaplifier. They are used to predict the 
shutoff capability as a function of the aiiplifier outlet and inlet aroas, 
and consequently to design for maximum shutoff. The optimiied anplifier 
produced a flow shutoff of less than 9 percent maximum flow and was a 
biötable, hysteretic derice. 

A non-hysteretic amplifier was designed by modifying the hysteretic 
amplifier. Its shutoff capability is less than 1U percent of maximum 
flow. 

This research was supported in part by a grant from the ARO 
Corporation, Bryan, Ohio and in part by the National Aeronautics and 
Space Administration under MAS Contract 8-11267. 

Introduction 

The vortex amplifier described herein is a pure fluid device in 
which a radial main flow is controlled by an tangential control flow. 
Without viscosity and with azimuthal symmetry the stroamlines in tho 
main part of the device would be spirals, and can be regarded as the 
superposition of a vortex flow and a source flowj hence, the name 
"vortex a-Tplifier". The device described is geometrically and opera- 
tionally relatively simple . Its geometry can be completely described by 
only four non-dimensional parameters. Its maximum and minimum flow 
limits follow a simple functional behavior, experimentally determined. 
From this functional behavior one can predict the geometrical parameters 
at which raaxinum shutdown capability of the amplifier occurs. This 
paper discuses the ostabliehment of the flow limit functional behavior 
and the design of an a-rplifier for a maximum ratio of maximum to minimum 
flow rate» The ratio of maximum to minimum flow rato will henceforth be 
called the '•turndown ratio" . 

Optimisation Procedure 

The method of optimization of the amplifier is as follows: 

1. A geometrical design is chosen based on knowledge of the 
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characteristics desired in the amplifier. This choice of 
design will be discussed. 

2. Tlow through the vortex chamber is described mathematically 
for the maximum and minimum flow conditions. The equations 
for these extremes originate from an empirical relation 
for minimum flow (i.e. when all flow is through the tan- 
gential control ports), and viscous orifice flow equations 
for mAximum flow (i.e. when all flow is introduced through 
the supply inlet annulus). 

3. The optimum amplifier is defined as one which maximizes 
the ratio of maximum flow to minimum flow out of the 
chamber. This ratio is called the "turndown ratio" and 
is denoted by Q . 

Ii. Prom the above mentioned equations, an expression for the 
outlet diameter in termfl of the supply inlet area at which 
Qi^^ occurs is obtained. 

5. Experimental data is used to determine the detrimental 
effect of the supply inlet annulus area on vortex flow. 

6. Tasks 3 and Li are combined to yield the optimized values 
of the outlet diameter and inlet area at which QTaax will 
occur . 

7. Experimental data is used to find the value of QmaT« 
8 . The effect of the tangential control port areA on5aax 

and ths shape of the total flow versus control pressure 
curves is determined experimentally. 

Geometrical Design 

The geometrical design to be optimized is presented in Figure 1. 
Supply flow enters through the axial inlet annulus and exits through the 
two outlet holes whoso centers are ]ocated at the center of the vortex 
chanber . Two control ports arp used and are spaced 180° apart . 

1. The inlet annuluj . To obtain maximum flow through the 
amplifier it is essential that the inlet supply port be aa 
large as possible. The inlet annulus has the advantage 
of providing a large flow area for relatively small 
annulus thickness (d8). Note that in this design only 
one annulus was used. This was for ease in fabrication. 
It is possible that two inlets on both sides of the chamber 
raiaht further increase the turndown ratio. Although there 
are many advantages to the annular entrance, there is the 
disadvantage that increasing the annulus opening decreases 
the effectiveness of the control Jet. This effect is 
crucial in the optimization of the amplifier. 

22U 



2. The two outlet holes.    TVo outlet holes are used  (Inetead 
of the one hole pictured  in moat conceptual dravtnga) . 
This  is because  the restrictlre effect  of the vortex  is 
almost entirely a  function  of do/di.    Adding a  second hole 
to the chamber does not alter  this ratio in any way but 
does  increase  the  outlet  area conciderably.    Thus,for  a 
given outlet diameter,   twice the  flow Area is  obtained 
which increases the maximum flow through the  amplifier 
wnlle effectively not changing  the minimum flow conditions . 

3. Control Ports.    Two inlet control ports were used.    Tests 
indicate that the only advantage in more control ports is 
that of providing an aiimuthally more uniform flow pattern. 
However, the additional unifomity obtained with more than 
two control ports does not noticeably increase the turn- 
down ratio.    The total control port area appears to be 
the  final determining  factor  in the control pressure   (as 
shown later), not necessarily tii« number of control ports. 

Empirical Vortex Model and Minimum Flow Rate 

The behavior of the amplifier can be described by using the behavior 
of a non-viscous amplifier to show how the  parameters  should group,  then 
correcting experljwntally for the effects of viscosity.    The non-viscous 
fluid must satisfy conservation of mass and Euler's equation of motion 

♦ div (p?)    - 0 (1) 

|^ V^J- ? x tfx V)  4 ± V p - 0 (2) d?      * V2 « _  ,«      .v.   1 s 

Assuming constant density, thebe equations, with appropriate  boundary 
conditions,  arc  sufficient to determine the flow.    Additionally 
assuming a steady two-dimensional azimuthally symmetric  flow,  that is 

— - - - m- 0 (3) 
at      as 

one finds that the  flow can be regarded as the superposition of a  source 
and a vortex.    The pressure difference between any two radii  is then 
given by 

* (Pi-Pj) - [A2 -i] [i01
2 * ori

2 ] w 
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lasumlrg the  flow  into the chAnber  is  through only the  tangential lasumlrg tne  now  into tne cna»D«r  la  tnrougn only tne  tangentlaJ. 
control porta   (thlu   la  the condition  for siniaun flov rate;   and uaing 
an  inlet geoaetry as pictured in Pig-re  1* where the outer wa" " 
in radiua aa r  - r^- —-  ,  and aaauning rortex  flow pattern   la 

wall rariaa 
correct 

up to the  outlet hole,  the  final equation car, be written; 

p (pl-po    j ■ yin 
1    .lir(  ZWh)2^ 

^ 

2Wh where    ^- < < 1  for condition tested 

(5) 

Taking the pressure difference  between the  chamber outer radius and tne 
outlet and neglecting  (iH2)2 with respect to unity,  equation   (5)   can 
be rewritten non-djjaenaiwially as 

Ä> - 1 

To correct the abore result equation (6) ,for viscous effects, 
qualltatire considerations suggest that 

(6) 

Ä> - f L^> %  fy 
1/2 

] (7) 

The right-hand side of (7)   is a stretched Reynolds nuaber.    Figure 2 
shows the experiawntal data plotted according to equr.tlon  (7).    The 
experiaental data is seen to be well correlated when    plotted in this 
■anner,  and appears  to approach the non-riseoua result, AP -  1,   aa 
tne stretched Reynolds nunber gees to infinity, as one expects. 

For Latflr  work,  it is useful to rewrite equation (7)  as a forvula 
for Q^jjj.    Boting that Q is equation  (?)  is Q,,^» it oan be rewritten 
as 

^■[ 
2Wh I172 r * r ^ 11/2 

(8) 

It is also important to note that pc^ - p8 when all flc-w coaes fro« 
the  centrol ports;   that is, when Q • Q^in»  then also p ,   - p   . 

Equations  (7)   and  (8)  and Figure 2 are ralid when      there 
is no entrance annulus      When an entrance annulua  is present but there 
la no entrance  supply flow,  equation   (8)  must be replaced by 

•U *(B,) 2Wh  1 [   5 
/IP J   1-5 

(9) 

♦Figures start on page 234 
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The  function  g(D  )   accounts   Tor  the effect of the  entrance  am.ulus  on 
tne  "vortex"  floß.    Its effect  it  to increase  the  tarou^hflo«   for a 
given prefaure difference.    This  is equivalent  to decreasing  the 
effectireness  of control  flow in producing vortex-like «otion.    A plot 
ol     n(Ds)   is  shown  in Figure  3. 

Maxi «um Flow Througn Cnamber 

Flow througn th e chamber is aaximua when tangential control flow 
is zero. Then flow enters only axially through the annulus and may b« 
«.'escribed by orifice  ?lo* equations  for  two orifices  in  series. 

Q   - 0   0   ,      B   3 ?     I |   (P   -pj (10) 

oo as 

Not«  that it  is laiiacious to talk about  a single  orifice and  that  two 
orifices  in  series must be used.    Tnie  oecoaes obvious  later. 
Rewriting equation  (10)   in terms  iefinod by Figure  1: 

-,1/2 r  gh ^1/2 

V^-^s^Vi ^V^J    Las] (u) 

Optijaization of Turndown Ratio 

The turndown ratli' Q • Q-.-ZQ^J  i-3 obtained by dividing equation 
(11) by equation (8), and noting      that at Qain, pch- p . One 
obtaine 

K .(Ld  W?)    r B
2 - ß1        V2 

0 - ( -5-^ )    I -j- r r-w 1 (12) 
2Wh     g(Da)  DU ^(^..)2Öa

2 J 

o 

One can now find D such tnat 5 is a maxiiauii by setting    ö5/^D "0, 
where all quantities other than D are held fixed in the differentiation 
This means that the optimization is made at a fixed,    but unspecified, 
value of stretched Reynolds number.    It remains  for  a posteriori 
experiments  to demonstrate that the  optimum geometry so chosen remains 
optimum over a suitable Reynolds number range.    The result is 
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Opt       E     B  S    S L        1^   8 r O 0 0 

2- 2 ^ 

Sine« 2 T- u    is email, one has the useful approximation 

opt 
8 K 

r/.J 

(13) 

(Hi) 

Equation (13) 18 equivalent to the atateaant 

^ÄAÄ - K A O O    8 8 (15) 

so that,  roughly speaking,  the  inlet and outlet  areas  should  be about 
the saiw  o  ae . 

Having  found now the inlet and outlet areas should be related, 
the  optiadtation can be continued by putting thia relation back into 
the expreajiion for the turndown ratio Q, equation  (12), anJ again 
seeking a aaxiaiui of ^.    Using equation  (lU),  equation  (12)   becomes 

0 --^-1 
'1 D 

U'Wh 

fijllL"'-2 ^  J 
1/2) 

g(58) 
(16) 

Now holding all quantities other than D    fixed,  a aaxjjmui of 0 occura 
at a nuud-BUJi of the factor In the braces \ \ in equation  (16) .    Thia 
factor  ia ahown in Plgure h,  for Ka • Ko.    Under these conditions a 
maxliiua value of ^ occur J where D    • 0 .0U5 • 

Correapondingly, 
K J./2 

ß - 

SajBiarizing: 

2^ E 0.3 

^aopt-0'0^ 

5 opt    ■0-3 

(17) 

An  optlnun choice of H requirea  a Reynolds nuwber  study siailar 
to that which waa made for Uie no-aupply-flow liadt.    Thia was not 
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done. QuAÜtatlve testa indicated that a range of H values could be 
used without seriously changing the operation of the amplifier. For 
the final amplifier built, H - 0,1375 was used. 

Experiaental Results for "Optigura Ajuplifler" 

A vortex a^plifier was then built to the optindted specifications 
(D - .3, 5g • .0U5 and H - ^75) • The control port widths w were 
designed to be adjustable . Then a series of testa were run with air at 
low supply pressure (p "1.5 psig) to determine the total turndown ratio 
of the amplifier and the effects of W on Q and P and the shape of the 
of the Qr versus Pc curves . The results of these curves are given in 
Figures 5,6, and 7. 

A turndown ratio of 10 was obtained for the am£llfier with a 
pressure ratio  P - 2. As the control port, area 21*1 was decreased 
the turndown ratio increased slightly, but the P ratio increased 
drmatically. An increase in the area 2UH caused the opposite effect. 
Sine« the amplifier is much more useful with P close to 1, it la 
recoramended that relatively large control port areas be used. This 
will, of course, depend on the actual use of the amplifier and it is 
suggested that Figures 5,6, and 7 be used as a guide for obtaining 
the operation desired. 

Extension of Theory to One Outlet Hole Amplifier 

The derivation of a single outlet hole amplifier is identical 

(18) 

to the double case with one exception. 
K ff d 2 " o      o 

Ao- 2 

1 hole 

By going through the same procedure as before the identical results are 
obtained »that is 

K0Ao - K^ and P, - 0.0U5 (19) 

This leads to the result that 

- OJi25 
hole 
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No exporimental tests were made with this geometry. However, the 
resulting turndown ratio can be [redicted fro« 2 hole data. 

TUX        'm ('  2 > [" max 

adn  , . , Ttln 
1 hole 

2 holes 

5^  - (-xjr) (H «5) - 8.1 (Predicted) (20) 

Development of Monhysteresis Vortex Amplifier 

The amplifier Just optimized was designed to obtain maximum turn- 
down with little consideration of the shape of the Q- versus p, operating 
curve. As a result a high turndown device was designed but it had an 
unstable hysteretic area in its operating range (see Figure 5). 

Increasing the control port are« decreases but doe» not eliminate 
the hysteretics (see Figure 5). It was necessary to reduce the size of 
the outlet hole to achieve the desired non-hysteretic amplifier. 

Tests were made to determine the maximum outlet hole size allowable 
with no hysteresis, with a chamber diameter of one inch and with air 
at p3 - 3 psig. It was found that the maximum outlet hole diarater 
ratio D (for two outlet holes) was roughly 0.15. Above a value of 
D - 0.15 hysteresis could not be removed by increasing the control port 
area^. Figure 9 shows how the hysteresis varies with_increasing 2WH, 
for D • O.lii  (i.e. near the upper limit of useful D) . 

A maximum turndown ratio for_the nonhysteretic amplifier was found 
to be 7:1. The pressure ratios, P, were always less taan 2 and for 
large control port areas approached 1. 

It is worthwhile to note that the limiting case for & useful 
non-hysteretic amplifier is not necessarily lack of hysteresis. Noise 
in the amplifier is present in the high gain region of the operating 
curve. 

If this amplifier is to be a highly sensitive device as in the 
case of rate sensors, this noise, which is greater at larger diameter 
ratios, will make the higher turndown ratio impllfiers difficult to 
use . 

Figure 10 presents the final design arrived at for the non-hysteretic 
amplifier. 
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LITT OF SYMBOLS 

A ar«a 

d diaraoter 

d supply annulxis width 

5° -I2- 

5 s 

H 

Q 

^ 

d« 

g(5 ) experiaental function of D 
8 3 

h height of chamber 
h 

K orifice coefficient 

II arbitrary constant 

p pressure 

P Pc 
Ps 

Ä^ nondlaenslonal pressure function 

Q volumetric  flow rate 

Q1 flow normalised by flow across an orifice 

^ 

r radius 
Q 

R - vK ' Reynolds number 

Ü - velocity component 

f total reloclty vector 

w control port width 

V gradient rector 

8 angle 
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CHAPACTERISIICS OF  A VOPTEX  UEVICF 

AND 

THE  VORTEX-BREAKDOWN  PHENOMENON 

by 

Turqut Sarpkaya 

University of Nebraska, Lincoln, Nebraska 

The results of an investigation of the forced and periodic breakdown 
of a confined vortex by another vertex rotating in the opposite direction 
are presented.  The vortex tube consists of two chambers connected by a 
short conduit through streamlined transitions.  The upstream end is 
closed by a plain wall and a circular orifice is provided at the down- 
stream end.  The swirling flow and the breaker-vortex are generated by 
introducing varying proportions of air or water through tangential ports 
located near the upstream and downstream walls of the unit.  The cases 
of single-breakdown and periodic-breakdown are explored and typical data 
are presented for each case. 

Possible applications of the device are several—swi tcMng, binary 
erupting, pressure modulation, and speed governing. The key to the de- 
vice's versatility 1'es in its ability to produce a sharp and strong 
signal at the time of vortex breakdown. When a counter jet is applied 
or when the device is rotated, and the circulation created by the jet or 
the rotation reaches the critical value required, the flow through the 
orifice switches from the subcritical, hollow-cone regime to supercriti- 
cal power-jet regime and as such the device works as a reed switch or 
signal generator for a speed governor system. The output remains locked 
in position until the intensity of the counter jet or the rate of rota- 
tion is decreased. When the downstream tangential port is connected to 
a Helmholtz resonator a periodic vortex breakdown is achieved and in 
this case the device works as a binary counter or pressure modulator. 
The frequency of oscillation is determined by the inertance of the feed- 
back path and the capacitance of the resonator syc>.m. 

INTRODUCTION 

The vortex breakdown phenomenon, an abrupt change of flow structure 
at somf position along the axis of a longitudinal vortex, and the peri- 
odic oscillations associated with It have been observed both In separat- 
ed flow above sweptback lifting surfaces and In confined swirling flows 
In "vortex whistles"! and cyclone separators.2 The present interest In 
the development of nuclear rocket propulsion using gaseous-core nuclear 
reactors^, electrical power generation using magnetohydrodynamic 
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effects4, vortex-valves^, and pure fluid pressure modulators for pneu- 
matic-amplifier systems^ have provided an added incentive for research 
on confined steady vortex flows in general and on swirling flows with 
temporal and/or spatial periodicity in particular. 

Although the theoretical understanding of the vortex breakdown phe- 
nomenon is still lacking, an increasing number of exoerimental observa- 
tions of isolated studies are being reported in the literature. Vonnegut^ 
was probably thp first to describe this phenomenon. He constructed sim- 
ple whistles that produced sound "by the escape of a vortex from the open 
end of a tube." He found that the frequency of the sound depended al- 
most linearly on the rate of flow. Subsequently, studies were reported 
by Suzuki^, SmithS, Lambourne and Bryer^, HarveylO, Chanaudll, and Gore 
and Ranzl^. Theoretical studies, based essentially on small perturba- 
tion analysis of the inviscid equations of motion, were carried out by 

Michelson^, Squire , Howard and Gupta , and Girtshore^ . These anal- 
yses suggested that the vortex breakdown may be caused by spatial ampli- 
fication of small disturbances and that it is a gradual rather than an 
abrupt change in the flow structure. Benjamin^, 18t departing radically 
from previous theories, considered the breakdown to be an abrupt and uni- 
directional transition of finite magnitude between two dynamically con- 
jugate states of flow and thus analogous to the hydraulic jump in open- 
channel flow. Although Harvey's^O observations of flow reversal on the 
tube axis indicate the inception of a critical phenomenon and thus lend 
some experimental support to Beniamin'sl^ analysis, the recent and rath- 
er comprehensive work of Chanaudll on temporally periodic motion in a 
vortex whistle and cyclone separator suggests that both the flow rever- 
sal and the amplification of small disturbances contribute to the hydro- 
dynamic instability of confined swirling flows. This suggestion is, as 
nointed out by Chanaudll, in conformity with that made earlier by 
Gartshorel^ on theoretical grounds. 

In the present study the vortex breakdown, solitary or periodic, 
is initiated and controlled by another vortex rotating in the opposite 
direction.  It is hoped that the information obtained from the con- 
trolled or forced-breakdown, as opposed to natural-breakdown, of the 
swirling flows will shed further light on this complex, time-dependent, 
three-dimensional phenomenon. 

EXPERIMENTAL ARRANGEMENT 

A schematic diagram of the confined swirling flow apparatus is 
shown in Fig. 1. Units of various sizes were built of plexiglass and 
carefully polished inside and out. The upstream end of the unit was 
closed by a plane wall and a hypodermic needle was attached at the cen- 
ter for the purpose of introducing a dye filament or dense smoke. A 
circular, sharp-edged orifice was provided at the center of the down- 
stream wall. The swirling flow and the breaker-vortex were generated 
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by introducing varying proportions of air or water through tangential 
ports located near the upstream and downstream walls of the unit. 

The system, as described so far, was sufficient for the exploration 
of the first phase of the study, namely the forced vortex breakdov.p. 
The surge-chamber shown in Fig. 1 was incorporated into the system only 
during the study of the periodic vortex breakdown.  It consisted of a 
fluid inductance (long, low resistance path) in series with a fluid ca- 
pacitance (volume), capable of holding varying amounts of air.  Such a 
chamber is referred to ordinarily as a Helmholtz resonator. 

The flow rates were determined by means of calibrated rotameters. 
The pressures on the wall of the upstream and downstream chambers and 
in the resonator were measured by pressure transducers and recorded 
simultaneously by means of an amplifier-recorder assembly. 

Experimental Procedure and Observations 

The first case explored in the experimental study was that of the 
"forced vortex breakdown". For this purpose the downstream port was 
connected directly to the rotan-eter, i.e. the surge-chamber was taken 
out of the system.  In order to create a swirling flow the upstream jet 
was turned on and the downstream inlet was kept closed. When a very 
small swirl was produced, its existence could be detected easily by means 
of the dye filament introduced through the hypodermic needle. For very 
small Reynolds numbers* (Re ^ 400), the dye filament proceeded downstream 
along the axis of the unit in the form of a spiraling sheet as shown in 
Figs. 2a and 2b. As the intensity of the swirl was increased, a tiny 
air core formed at the orifice and the end of the air core darted irreg- 
ularly short distances back and forth. The emergent jet diverged in the 
fo*Tn of a smooth hollow cone (angle of divergence B 82 deg.). With a 
further increase of the swirl, the end of the air core moved upstream 
and attached to the center of the upstream wall. The air core did not 
remain in the form of a long smooth tube coincident with t e axis of the 
vortex tube, but developed spiraling standing waves. The'.e waves and 
the shape of the emerging hollow jet may be seen in Fig. 3. 

Following the establishment of a swirling flow, the downstream jet 
was turned on slightly and the upstream and downstream wall pressures 
and the flow rate were recorded. The downstream pressure decreased slow- 
ly but the upstream pressure remained nearly constant. The dye intro- 
duced into the downstream supply line was captured by the main swirling 
f ow as depicted schematically in Fig. 4a. As the velocity of the down- 
stream jet was increased in small steps, the intensity of the swirl in 

♦Reynolds number is based on the diameter of the connecting tube 
and the average axial velocity. 
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the downstream chamber decreased and the dye filament reached the air 
core more quickly and alonq a line closer to the radial line joining 
the axis of the unit and the downstream inlet port as shown in Fig. 4b. 
With a further slight increase in downstream jet velocity, the flow pat- 
tern in the downstream chamber changed abruptly. This change, aside 
from momentarily producing a sharp noise, eliminated the air core and 
the hollow cone, sharply lowered the wall oressure in the downstream 
chamber to a minimum, and rendered the emergent jet fully turbulent 
(see Figs. 4 and 5). Despite this abrupt and rather drastic change the 
upstream wall pressure remained nearly constant.  Further increase of 
the downstream jet velocity increased the downstream wall pressure and 
created a vortex in the downstream chamber whose rotation was in the op- 
posite direction to that of the upstream vortex. When the downstream 
wall pressure was made identical to that which prevailed at the start 
of motion (downstream jet closed), by increasing the intensity of the 
counter vortex, neither the upstream pressure nor the turbulent jet 
showed any observable changes.  In short, a new flow condition has been 
established which was identical, as far as the two wall pressures were 
concerned, with that obtained originally by the main swirling flow, but 
drastically different f^om the original state as far as the emergent 
jets and flows in the downstream chamber were concerned. 

The second case explored was that of the "periodic vortex break- 
down". For this purpose the downstream port was connected to the out- 
let of the Helmholtz resonator and the valves on top of the air chamber 
and on the inlet line of the resonator were closed. Once again a swirl 
was created in the vortex tube and an emergent hollow jet was estab- 
lished. During this time the wate* coming from the downstream port 
partly filled the resonator and reached a constant level. 

Following the establishment of a steady-state, the flow into the 
resonator was turned on and increased in small increments. The incom- 
ing flow increased the pressure in the air chamber and forced the down- 
stream jet to inject a weak current into the downstream chamber. This 
current was carried to the exhaust hole with a spiraling motion. As the 
valve leading to the resonator was opened gradually, the secondary cur- 
rent joined the orifice in a more nearly radial direction and at a crit- 
ical state, stopped abruptly the vortex motion in the downstream chamber. 
The events following this abrupt change were similar to those described 
previously in connection with the single-breakdown. The sudden and sig- 
n.ficant drop in pressure in the downstream chamber increased the pres- 
sure gradient between the resonator and the downstream port. Conse- 
quently, the velocity of the downstream jet and hence the intensity of 
the counter-vortex in the downstream chamber increased rapidly. This 
in turn decreased both the discharge coefficient of the orifice and the 
pressure in the air chamber. It is significant to note that during these 
and subsequent changes, the pressure and the flow rate at the upstream 
chamber and the flow into the surge tank remained nearly constant*. The 

*The change in Pj was approximately 3%. The change in the flow rate 
into the resonator was approximately 2%. 
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gradual increase of the downstream pressure and the decrease of pressure 
in the air chanter reduced the velocity of the downstream jet. When a 
critical state was reached, the flow in the vortex tube chanqod abruptly 
to its initial form.  The sense of rotation of flow in t^e downstream 
chamber became identical with that of the onqmal swirling flow.  This 
increased the Stagnation pressure at the downstream port above the pres- 
sure in the air chamber and developed a reverse flow in the tube con- 
necting the vortex tube to t^e resonator.  The reverse fU,^ as well as 
the flow entering the resonator at a constant rate fron its upstream in- 
let increased the pressure in the air chamber.  When a critical maximum 
pressure was reached, the fluid rushed from the surge tank to the down- 
stream port through the connecting tute and once again charged the flow 
and pressure in the downstream chamber of Ve   vortex tube.  This action 
completed the end of a cycle of the oeriodic oscillation. To change the 
frequency of this oscillation, everythinn was kept constant except that 
some air was let out of the air chamber through the valve previously 
provided. With this, oscillatory motion automatically resumed and con- 
tinued with clock-like regularity (see Fig. 6).  To decrease the fre- 
quency, an inverse procedure was followed, i.e. some compressed air was 
introduced into the air chamber. 

The experiments described above were repeated with air as the work- 
ing fluid. It suffices to note that everything was kept the same except 
that the inlet and outlet near the top of the resonator were used for 
obvious reasons and that the freguency was changed by admitting or re- 
moving some water into or out of the resonator through the valve at the 
bottom of it. Once again an oscillation of constant frequency was ob- 
tained. 

DISCUSSION OF RESULTS 

Forced Vortex Breakdown 

The experimental data obtained through the procedure described pre- 
viously was plotted in various dimensionless forms.  In the following, 
the relationships between the pressure, flow rate, and the discharge co- 
efficient of a typical vortex-tube are discussed*. 

Figure 7 shows, as an example, the normalized downstream wall pres- 
sure P as a function of the normalized downstream flow rate fj.  It is 
observed that as Q increases, P decreases slowly at first and then a- 
bruptly when the vortex in the dov.nstream chamber breaks down and the 

*The characteristics of various other vortex-tubes are discussed in 
an internal report presented to Harry Diamond Laboratories, Report No. 
2, July, 1964. 
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emergent jet becomes turbulent. Tor values of Q between 0.16 and n.4, P 
remains fairly constant.  This range of 0 values corresponds to a special 
state of flow in the downstream chamber.  The observations of the dyed 
jet have shown that following the breakdown of the vortex motion in the 
downstream chamber the flow is essential 1y_axial with a radial component 
superimposed on it.  For larger values of Q, the intensity of the coun- 
ter vortex increases and as will be noted later the discharge coefficient 
decreases. Conseguently, the pressure in the downstream chamber in- 
creases with increasing values of (J. 

Figure 8 shows, for the same vortex tube, the discharge coefficient 
as a function of P.     It is noted that at the start of motion, i.e. for 
(J = 0, the_flow is throttled and the discharge coefficient is at its min- 
imum. As 0 increases, the intensity of the swirl in the downstream cham- 
ber decreases. This in turn increases the oischarge coefficient quite 
rapidly. Near the point of vortex breakdown, CQ reaches its maximum val- 
ue*. Following the vortex breakdown and for a small range of P values, 
CQ remains fairly large. Subsequently, as the intensity of the counter 
vortex increases, the discharge coefficient decreases gradually toward 
its initial value.  It is noted that for P  «J1-^. ^ is a double valued 
function of P. The upper branch of the CQ—P curve corresponds to the 
state of the turbulent jet and the lower branch to the state of the lam- 
inar jet. Furthermore, it is noted that, within the_range_of Reynolds 
numbers encountered in the tests, neither Cn versus P nor P versus 0 
show any dependency on the Reynolds number. 

b. Periodic Vortex Breakdown 

A series of tests was conducted not only with the particular vortex 
tube discussed herein but also with fifteen other vortex tubes of various 
sizes and characteristic length ratios using the procedure described pre- 
viously. It was firmly estabMshed that for a given vortex tube, only 
the tnique combinations of pressures at the two vortex chambers produce 
periodic oscillations of constant amplitude, the amplitude of the pres- 
sure oscillations in the upstream chamber is insignificantly snail (a- 
bout 3%); the amplitude of the pressure oscillations in the uownstream 
chamber is l.^.rge in magnitude and independent of the frequency of oscil- 
lation, the frequency of oscillation for each vortex tube depends on the 
inertance and capacitance characteristics of the unit and of the exter- 
nal conduit-resonator system; and that no oscillatory motion can be ob- 
tained in a rigid system with an incompressible fluid, i.e. the vortex 
tube requires a capacitance provided either by the compressibility of 
the fluid in the flow system or by the distensibi11ty of the conduit 
wa11s . 

•This maximum is nearly equal to the theoretically predicted dis 

charge coefficient for this orifice, i.e. C » 0.6Z. 
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Figures 9 and 10 show in dimensional for^i the relationship between 
^1. P2m and äP? and Pi.  Each data point in these figures was checked 
with all possible frequencies of oscillation by varying the air volume 
in the resonator.  It is apparent that for a given vortex tube a linear 
relationship exists between r' and P?^ and Pi and the amplitude of the 
pressure oscillations in the ^wnst^eam chamber. 

in order to determine the relat 
odic vortex breakdown, the slopes of 
10 were calculated and marked on Fiq 
median pressure corresponds to the p 
glc vortex breakdown, the maximum of 
to the pressure at fj = 0, and the mi 
responds to the pressure at the comp 
the hollow laminar jet becomes turbu 
ed that the amplitude of the oscilla 
dian pressure may be predicted from 
case of single vortex breakdown. 

lonship between the single and pen- 
the two curves shown in Figs. 9 and 

. 7.  It is clear *hat the normalized 
ressure at the inception of the sm- 
Ihe oscillating pressure corresponds 

nimum of the oscillating pressure cor 
letion of the breakdown, i.e. when 
lent.  It may, therefore, be conclud- 
tions as well as the normalized me- 
the relationships obtained for the 

A close examination of the data obtained for all vortex tubes used 
in the experiments has shown that for a given unit larger orifices re- 
quire a smaller pressure P^m or,   in other words, a smaller P?m/Pl ratio 
to produce oscillations. The diameter of the upstream or downstream 
chamber does not seem to affect either the Pi versus P2m or Pj versus 
AP2 relationships. On the other hand, the length of the connecting tube 
between the upstream and downstream chamber materially affects the vor- 
tex motion and hence thp relationships between the pressures and pressure 
fluctuations. 

c.  Frequency of Oscillations 

It has been pointed out previously that a vortex tube requires ei 
ther a compressible fluid and/or an elastic system to produce an oscil 
latory motion. A critical analysis of the variables involved m the 
phenomenon shows that if the viscous effects are ignored and the total 
temperature T is kept constant then the frequency is determined by 

1 
♦:. 

(1) 

where C and  I   represent  the capacitance and  inertance of  the elastic sys 
tem and are given by* 

*The summation in I includes the discrete elements comprised of the 
tangential port, connecting tube, and the portion of the resonator which 
contains the working fluid. The summation in C includes only those ele- 
ments which contain air. 
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In the experiments described herein the working fluid, the length and 
cross-sectional area of the conduit between the unit and the resonator, 
the volume of air in the resonator, and the upstream pressure were var- 
ied and the frequency of oscillation was determined Trom the oscillo- 
graph records.  Figure 11 shows the variation of the measured frequency 
as a function of the theoretically calculated frequency. The correlation 
of the two frequencies is good but the theoretical frequencies are about 
3 times larger than the measured frequencies. This is not entirely un- 
expected in view of the fact that the contribution of the mass of fluid 
within the unit and the viscous and form resistances were completely 
ignored.  It is apparent tha* the inclusion of these terms will be equiv- 
alent to increasinT the effective length of the tube between the unit 
and the resonator and will yield theoretical frequencies 'loser to those 
observed experimentally.  The reason the aforementioned corrections wpre 
not incorporated into the analysis is because the energy lossescan at 
best be predicted only approximately.  It was, therefore, preferred to 
present the analysis as given above instead of reducing it to the predic- 
tion of the effective conduit lengths. 

d.  Experiments Concerning the Applications of the Device 

A series of experiments were conducted with the unit described here- 
in to explore the potential applications of the device. These experi- 
ments consisted of (a) single and periodic switching of a biased ampli- 
fier; and (b) sensing the change in the rate of rotation of a shaft. 

In order to switch a biased amplifier, the control port at the side 
of the initial jet attachment was connected to the collector placed in 
front of the orifice as shown in Fig. 12. The Helmholtz resonator was 
taken out of the system and the counter-vortex flow Q^ was increased 
gradually. When 0 reached the critical value of 0.16, the jet emerging 
from the orifice abruptly became a fully developed turbulent jet and 
flowed directly into the collector.  The resulting control flow switched 
the power jet in the amplifier and kept it locked in its new position. 
When Qp was reduced slowly and ^ reached once again the critical value 
of 0.16, the turbulent jet abruptly changed to laminar hollow-cone regime 
and at the same time the power jet in the amplifier switched back to its 
original position. 
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Hol low-cone before 
vortex-breakdown 

(A) 
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\ 

Vortex L/x *■ 
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Turbulent jet after 
vortex-breakdown 

(B) 
Power jet 

Figure 12 

Upon the completion of experiments with single switching, the reso- 
nator was put back in the system and a periodic vortex-breakdown with 
desired frequency was established. When the collector was once again 
placed in front of the orifice, the power jet in the amplifier switched 
back and forth with the set frequency. This experiment established the 
potential use of the device as a binary counter. 

In order to explore tne ability of '.he device to secure a change in 
the rate of rotation of a shaft, the device was connected to the shaft 
of a variable speed motor.  The flow rates Qi and O2 were adjusted so 
that 0 was slightly under 0.16.  Then the tube was rotated in the direc- 
tion of the downstream tangential jet. This rotation increased the cir- 
culation of the counter vortex in the downstream chamber and decreased 
the circulation of the vortex in the upstream chamber. When the rate of 
rotation of the shaft reached a critical value the jet emerging from the 
orifice abruptly became a straight turbulent jet and flowed into the col 
lector and switched the power jet in the amplifier.  When the speed of 
the motor was slowly reduced 41 below its existing value, the signal in- 
to the collector abruptly stopped and the power jet in the amplifier re- 
turned to its original state.  This phase of the investigation was found 
to be extremely encouraging and the research is being continued with in- 
creased intensity to establish the design characteristics of a rate sens 
ing vortex tube for the purpose of angular speed control. 
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CONCLUSIONS 

The experiments described herein have shown that tne swirling fluid 
motion in an axially symmetrical tube comprised of two chambers and a 
connecting tube may be subjected to an abrupt change by another vortex 
rotating in the opposite direction.  This change produces a large pres- 
sure drop in the zone of vortex breakdown.  For a given set of upstream 
jnd downstream wall pressures there are two different states of flov. 
through the vortex tube. The location of the breakdown is determined 
b> the conditions prevailing in the downstream section of the tube, in 
the same way that location of a hydrau.ic jump on a supercritical stream 
in an open channel is determined Ly the backwater conditions. Moreover, 
just as some sort of obstruction in the channel is necessary to precipi- 
tate a hydraulic jump on a supercritical stream, the vortex breakdown 
requires one or more triggering agencies such as the counter vortex mo- 
tion and/or the adverse pressure gradient created by the divergence of 
the connecting tube into the downstream chamber. Coupled with a Helmholtz 
resonator, the vortex tube works like a hvdrodynamic oscillator. The 
energy of the oscillator is derived from the hydrodynamic instability of 
the fluid within a reversed-flow region in the downstream chamber. 

Preliminary investigations show that the vortex-breakdown phenomenon 
will be of significant value in the development of pressure modulators 
and angular rate sensing pneumatic devices. 
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NOMENCLATt PE 

A   cross sectional area of t^e tube between the unit and the resonator 
1 

a length of the vortex chambers 
C capacitance 
c* velocity of sound   
C discharge coefficient, 0 /''iJ/'W? ?„ Ic (for water), and 
0 T     r   2m rw 

VYVdo/4]^VP~a        (f0r  air) 

D diameter of vortex chamber 
d diameter of the connecting tube, (see Fig. 1) 

d diameter of tangential jets 

d orifice diameter 
o 

f freguency of oscillation 
I inertance 
k summation index 
L total length of the vortex-tube (s^e Fig. 1) 
L length of the tube between the unit and the resonator 

L length of the connecting tube (see Fig. 1) 

^ " p
2/
p
1. (psig/psig) 

P upstream wall pressure 

P downstream wall pressure 
2 

P median of downstream wall pressure 
2m 

AP amplitude cf downstream wall pressure 

§ -    Qo/Q, • (cfs/cfs for water) and (lb/sec/lb/sec for air) 

Q upstream port flow rate, (cfs for water and lb/sec for air) 

Q downstream port flow rate, (cfs for water and lb/sec for air) 

Q = Q ♦ Q 

Re   Reynolds r.jmber, pV d /u 
1 c 

V average axial  velocity in the connecting tube 

W air flow rate (lb/sec) 
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Y expansion factor 
Y specific weight of air 
a 

M dynamic viscosity of fluid 
p density of air 
a 

p density of water 
w 

p density of fluid in the tube between the unit and the resonator 
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EXPERBENTAL PROFILES  OF VELOCITY CCI4PONENTS AND RADIAi. 

PRESSURE DISTRIBUTIOKS  W A VORT X  COOTAIIfE: 

IIJ A  SHORT CYLINDRICAL CIAKB^ 
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Cleveland,  Ohio 

ABSTRACT 

The chamber was formed by two 11.72-inch-diameter disks spaced 1.25 

Inches apart.  A high swirl was Imparted to the fluid (air) as It entered 

the chamber through 4€ tangentlally alined vanes.  A 2-lnch-dlameter tube 

at the center of one disk served as the exhaast port.  Static pressure 

and the profiles of the radial and tai.^entlal velocity components were 

measured at 8 radla. tstatlons.  All the radial inf.ow took place close to 

the disk surfaces, while a slow outward '1 ;v existed In mlichannel.  The 

tangential velocities were used to prtilc. the static pressures which 

agreed well with the measured values. 

INTRODUCTION 

With the advent of the nuclear cavity reactor concept in 1957 ani 1956 

there developed a wide-cpreaJ interest in the further possible applications 

of vortex fluid motion in magnetohydrodynamic (MHD) generators and fluid 

amplification devices.  Many studies, both analytical and experimental, 

have been conducted into the fluid dynamical characteristics (such as the 

velocity components and pressure profiles) of vortex motions that were gen- 

era'ced inside cylindrical chambers.  M st of these investigations were 

*This work is a condensed version of an NAJA TH  now in preparation. 
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undertaken prlGariiy because the nature of cunflned vo;*ex motion: :: 

stationary containers was poorly 'onderstood, an. this r.aersta: -.^   :; es- 

sential to the developcent of any device that uti.w.ei :ne vor'.-  f.Dv. 

The study ve are reporting here vas among these many Inveetigatlons, 

In moat applications that employ vortex motion, the fluid is Injected 

tangentially at one or more ports on the cylindrical surface and exhausted 

though a hole in the center of one or toth of the circular end wal.s. 

These end walls are up.ually stationary and are now kncn :c exer: e great 

influence on the motion.  Heretofore, the nature and extent  r t:.:§ in- 

fluence was unknown and was the sutject of investigation. 

Until recent years no literature was available that reported wnat 'ne 

influence of the end walls would be on a confined vortex.  Some results 

were reported by Kelsall (ref. „J, in which he made measurements of tne 

radial, tangential, and axial velocity components Inside a hydrocyclone 

separator.  His experiments revealed the existence of large secondary mo- 

tions with most of the mass movement occurring close to e.11 ./alls where 

the centrifugal force was lowest.  Interestingly enough, the loci of con- 

stant tangential velocities were concentric cylinders everywhere except 

very close to the walls.  Thus, Kelsall' s work pointed out the importeuice 

of stationary surfaces on the motion of confined vortices. 

Williamson and McCune (ref. 2) and Donaldson (ref. 7)   conducted ex- 

periments, in the same apparatus, on short cylinders (0.13? < L/D < 0.2*-l). 

In both references are reported axial traverses of the tota^ pressure only 

and radial distributions of the tangential ve.ocity calcu.ated from these 

measurements.  The latter data in reference . (an; presumably in ref. '.' 
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alßo) was evaiuatf-d by differentiating the rr.eesured Btatic vail pressure 

and equating this radial pressure gradient to th» centrifugal force.  The 

total pressure profiles in both references were quite uniform except for e 

slight depression in the region far Iron the end walls. 

Ragsdaie 'refs. 4 and f) -nade measurements with a pitot tube in a 

vortex "h.' her (length *o diameter ratio = 0.5) at two radial stations arJ 

several axial stations and :educed in reference 5 that the motion was es- 

sentially tangential with very little axial variation in the magnitude. 

Padial distributions  f the static pressure were also determined. 

Beverloo, et al. (ref. 6) madt radial traverses of the total pressures 

miy  with a pitot tube at three axial stations and two angular stations 

downstream from the single injection slot in short vortex chambers for a 

variety of injection port and outlet sizes and length to diameter ratios 

L/D.  Their measurements resulted in the radial distributions of the tan- 

gential velocities only. 

The most revealing experiments on the distribution of velocities in- 

side vortices have been reported by Kendall (ref. 7) and Donaldson and 

Williamson (ref. 8).  Kendall experimented with a vortex that was generated 

inside a rotating porous cylinder that imparted a swirl to the fluid as it 

passed through the cylinler into the cavity.  The chamber was 6 inches in 

both length and diameter.  The end containing the exit was fixed to the 

porous cylinder and rotated with it, while the other end was fixed. 

Kendall used a flattened p tot tube (which is not normally used for 

direction measurements because it 1« not sensitive to yaw angles up to at 

least ±5°) to traverse the boundary layer on the fixed end wall for both 
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the total pressure &nd.  th-- lex .1 Muld direction.  He assuoed *r.at at a dis- 

lance I'^r fntr, trie wal", the ra.lal velocity vas zero and the notion '-/as one 

:' pure tangentia. velo^'.ty.  . .ese reasurt-ments resulted . n profiles oi" 

trie radial and ".ang«  .a. '-'el 'ity components.  The tangential profile was 

essentially : , ut with a ,  ^ht depression outside the bo'ondary .ayer.  The 

r ilal ccanponent, n   tr.*-  thei ha:,!, was a max.rruci at the closest measuring 

stati if, t       .'^  a:     reased rr.onot .: cally to rero outside the tr jidary 

la^er.  Thus r'.er.da.   profile  shoved that the stationary end wal.s alter 

the vortex motion considerably and produce a flDw pfittt-rr. .:. which a slzatle 

inflow occurs in the boundary layer aJ/acent to stationary end wall. 

More recently F.Dnaldson anl Williamson  ref. -) made measurements ii' 

the tangential and radial comp^r.^nts and the turbulence Ir. a sh rt 'ylinier 

whose Inner and outer radii and length wer^- l..r-'3, 4.4^4, and 0."  inch?s 

respectively.  The fluid (air) was injected through a rotating porous outer 

cylinder and removed through stationary porous Inner cylinder.  A sensitive 

yaw probe consisting of two beveled tubes was first used to rnap the local 

flow directions.  Then a pltot tube was Inserted and oriented with the 

local streamlines tc measure the local velocity magnitude.  A not wire was 

employed to determine the mean and fluctuating tangential velocities on the 

center plane between both end walls.  Velocity components were determined 

at eight axial positionc at each of three radial stations Tor various flow 

rates and turbulence levels.  Because of the manner In which the yaw probe 

was constructed complete tra/erces fr.tn one end wall to the other were not 

possible.  The resulting profiles revealed the radial inflow was a maximum, 

very close to the end wall and a minimum fai' from the end walls.  A reversal 
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of flow outside the end wall boundary layer region was Indicated, but it 

was asBuaed to be due to raeasureEent difficulties and therefore nonexistent. 

The tangent.--, profiles were fairly uniform although several did have a 

slight depression in the center region of the profile.  These results showed 

that the velocity distributions In a short vortex chainter are quite similar 

to those found in Kendall's where the length to diameter ratio was unity. 

The theoretical work on confined vortex flows in the presence of end 

walls has been concerned with the influence exerted by the end wall flow 

on the rrain vortex field for both laminar and turbulent conditions.  The 

approach applied is the momentum Integral tecnnlque where some reasonable 

form for the velocity profiles in the boundary layer and the wall skin 

function laws are assumed.  Mack (ref. •) studied the laminar boundary layer 

on a finite disk In a rotating flow where a variety of radial distributions 

of tangential velocity In the freestream were specified.  He found that a 

sizable mass flow occurred in the boundary layer.  Rott (ref. 10) examined 

the sensitivity of tut- -nass flow in a turbulent boundary layer to the as- 

sumed form of the shear law and noted that the sensitivity was small.  The 

mutual interaction between the main flow and the boundary layer flow were 

analyzed by Anderson (refs. 11 and 12) and Rosenzwelj.', Lewellcn, and Ross 

(ref. 13).  For strong vortex flow with high swirl the Interaction cause! 

the existence of secondary motion with radial outflow motion In the primary 

flow for vortex flows of high swirl.  Thus, these analytical studies showed 

that under certain conditions a part or all of the net flow into a vortex 

passes through the end wall boundary layers. 

It was the object of this study, to determine (l) detailed experimental 
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profiles of the velocity components and radla. pressures of a vortex con- 

fined in one particular geometry, a short cylinder with plane end vails, 

and (2) which fa.-tors are responsible for the resulting profiles.  A cylin- 

drical chamber 11.72 inches in diameter and 1.250 inches in length 

fL/l = 0.lO7) vas used as the vortex container.  Air vas injected tang»n- 

tially into the chtrrber through a series of 4c guide vanes all aro-^nd the 

periphery and discharged through a 2.000-inch-diameter exhaust tube that 

was located at the center of ore end wall.  Thic chamber was somewhat slr:- 

lar to that used in references 2, 3, and r.  Axial traverses '24 points) 

were made at seven radial stations (r = 1.0, 1.1, 2.0, 2.1, 2.0, 7.1, and 

4.5 in.)  with a probe that sensed both the magnitude and direction of a 

velocity vector at a point.  From these traverses were evaluated the pro- 

files of the radial and tangential velocity components, and the streamline 

pattern.  An additional traverse vas made with a pitot tube at the Injection 

radius.  Static pressures were also measured at the same radial positions 

and In addition at r = 5.61 inches.  The results are presented for only one 

mass flow rate of 0.203 po.md mass per second at ->.'. absolute pressure of 

42 inches of mercury at r  -  1.61   inches and temperature of -O0 F, although 

data at higher and lower flows yielded similar resj.ts.  Therefore, the con- 

ditions were essentially for the incompressitle regime, 

APPARATUS 

The short, cylindrical vortex chamber is shown schematically in figure I.* 

The 4.u guide vanes imparted a high swirl to the air as it passed inward from 

the Inlet, plenum chamber.  The wire-gauze damping screen aided in producing 

angular symmetry around the periphery.  The end wall opposite the exhaust 
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was fabricated vlth static vail taps and seven probe ports, each fitted 

vlth a removable plug that was flush vlth the inside surface of the end walls 

To make a traverse at a given radial station the plug was removed and the 

probe holder assembly fastened in its place.  Static wall taps 0.010-lnch In 

diameter were drilled at the same radial positions as the probe ports. 

These taps were located 1 or more inches ahead of the probe station In the 

angular upstream direction to avoid Interference due to the presence of the 

probe. 

It was realized after some preliminary experiments that the velocity 

component profiles could only be determined with an instrument that was 

sensitive to the direction as well as the magnitude of any local velocity 

vector.  The conventional pltot tubes that are fabricated from small round 

tubes are rather insensitive to the yaw and pitch angles up to ±5° or more 

(ref. 14).  This is also true of flattened pltot tubes such as the one used 

in reference 7.  Hence, the 3-tube pitot-yaw probe shown in figure 2 was 

finally chosen because It is very sensitive to yaw in the plane of the three 

tubes tut not to pitch.  These two characteristics made the probe quite suit- 

able for this experiment where the axial velocity component was expected to 

be small.  The choice was based on the work of Bryer, Walshe, and Garner 

(ref. 15). 

A second important factor for consideration in the probe selection was 

its size.  Any probe regardless of its size will exert a drag that tends to 

slow down the vortex.  Obviously, the velocities indicated by the probe will 

differ from those of the undisturbed vortex; the difference increasing with 

increasing probe size.  In addition to slowing down the vortex, the probe 
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size can produce another undesirable eifect.  If it is used in a region 

vhere the motion iR very nearly circular, the prore wake vill be cor.vected 

in a circular i»th so that the probe could be in its ovn vake.  Her*? again 

the indicated velocities vill differ fron those of undisturbed vortex if 

the vake is too large to be dissipated tifore it cones back on the probe. 

Thus, it is seen that disturbances by the probe cannot altogether be 

avoided, but they can be minimized.  To insure the greatest possible accuracy 

in this experiment, the probe was made as small as possible consistent vitn 

reasonable response times and strength. 

For these experiments a special holder vas made for the 3-tube probe. 

With it the ; -obe could be positioned axially and rotated into any angular 

orientation vhile the tip vas alvays at the same radius.  To establish the 

reference angle the entire assembly vas alined in a 4-inch-diameter uni- 

directional airstream of uniform velocity.  The airstream was produced by 

a special Jet tunnel that vas specifically designed for calibrating and 

alining probeb.  The reference angle vas chosen to be zero vhen the probe 

vas alined vith a radial line and directed tovard the vortex center. 

A special pitot tube was made to determine the distribution of the 

velocity magnitude of the air leaving the injection vanes.  No provisions 

verv. made to measure the angle of Injection vith this probe.  The probe is 

shown in figure 3 along vith the measured profiles.  The total pressure was 

measured relative to a static vail tap at r = 5.61 inches.  The true static 

pressure at the vane outlet vas determined by extrapolating the radial 

static pressure data from r = 5.61 to r = 5.9 inches. 

The mass rate of flow through the test section was measured with a 
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calibrated orifice plate that, was accurate to within 1/2 percent. 

The radial static pressures were seasured relative *o each other on a 

group of water manometers the legs of which were fall :cnne-te j to a coranon w«- 

at the lower end.  The pressure sensed at the outermost radius, r = L.-l 

incher, was measured relative to atmosphere on a mercury "U-type" manometer. 

Water "U-type" manometers were used to measu.-e the difference between  1) 

the tctal pressure sensed by the center tube of the pltot-yaw probe and the 

local static "wall pressure at the same radius,, (2) the pressures sensed ty 

the beveled yaw tubes of the pltot-yaw probe, (3) the orifice plate pressure 

difference, and (4) the total pressure of the probe at the vane tips and 

the wall tap at r = 5.61 inches. 

The accuracy of the final results depends jn the accuracy ^f the instru- 

ments used.  All manometers were easily readable to within 0.0; inch.  The 

flow rate was maintained steady within ±1/2 inch of water out of an overall 

Ap of 50 inches.  The protractor was equipped with a vernier that was read- 

able to 5 minutes and the zero reference was established to within I minutes. 

The micrometer head had a least count of 0.001 Inch. 

TEST PROCEEURE 

To make a typical run, the probe holder was Installed in a port at a 

radius where an axial traverse was desired.  The flow of air was started and 

increase^ until the desired rate was reached.  About 15 minutes were allowed 

for all manometers to achieve steady-state values.  A typical traverse was 

started with the probe tip completely withdrawn from the flow ana touching 

the wall on which the probe is mounted.  The probe was rotated until tne 

pressure difference between the two beveled tubes was zero.  The angle was 
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recorded  al   :.r,  ■«it;    t.'.e   ;.! fer'-r.ce  :e*wee:,   -.•.'•   t-jtal   pretsure  ser.sed   : y   ire 

center   • .t e  a:.d   t.v.e  B*-aT.ic   press .r       er.sf-d   :y   t.;.L-   wa.l   'ap ar.'-a :    d'   It. 

rher.   t.'.e   prote  vac   rr.oved    )u*    ir.*:1  t.'.e   flild   E'rear-.   t_   a  r.ew  p")8 i 11 Dr.   ar.d   ' ;.»■ 

proced'ore vas  repeated.     Tr.ls   was  dor.e  repeatedly  ur.til  a complete   traverse 

fr irr  one  vail  to  the   other  vas   maJe. 

Radial   d'.strltutior.E   'I'  trie   static  press^ree   ver--  made t^tr.   -rhen  tr.e 

proV-p   extended  all   t.-.e  way  across   the   cr.annel   ar.d  when   it  --aE   completely 

wit;.drawn.      This   was   lone  t     note  wnether tne  prote  exerted  any appreciable 

irap   on   the  v T*ex. 

Veloc I ty   E'r •: : les 

The   velocity   traverse  rale  at  a   typical   ■•tme   irjection  slot   is   shown 

in   figure   7.      V' i  ^c i' y    i .:■'''..>;...: i      \.   '.   \ '■■.'<..   .r        w. ■■.•:,.      ;;:■;•■.;■■- 

f   re   "he   pi )t   is     r.i;,      f  tr.e   V'l   city  .napr. i tuue.      r.^ire   ?  shows   t;iat   ve- 

locity rÄgnit-ide  was   quite   iniforr.ly   iistrltuted.     Because  the  air was   in- 

'ected  throagr. thin  rectangular  slots  forr.ed ty   the  flat  vanes,   It   is  be- 

lieved  that   jniforrr,  injection was  achieved  for toth the  radial  and  tangen- 

t', al   ve i or i * ies . 

The   travers'    mad<    «it;,   th.e   p.' 3*-yaw  pro; e  yielded  * ;.e  magnilud' 

ar.d   i: r'-'-t : -»r.     ^'     oi   f'.e     oca.   vei   c':'y  vector.      fhe   local   radial   and   tai,- 

gential   vnlocity  cor.pune:.* r   w»-re    -aiculated   frorr,  relations     u'   =   '.'  cor   9' 

and     v'   =   V  sir-.  •■'.      !;.••   correi. ted  prol'.les     i   * ;.•'  noni imer.s ional   radia'. 

velocities     u/iiav   orr     ar«1-   pi"^:.   in   figure   ',,   and   trie  dimensi   r.ai   tar.^ent ial 

velocities     v     in   figure   ^.      / i 1  the  data   is   piven   in  greater  detail   ir. 

tatle   I   of  reference   !• .     The  streamline  pa'tern   iepicted   in   figare   •    was 
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calculated   f r TH  the   Winlti.-n     * ( z)   = ./_       ur   Iz     and   n  malizp:   ty  the 

average   valae     $       Lruay    -r"     '^ie   ax^ai    ' 'np1-nents     w     wf-re   quite   small   In 

coraparls-'n  to   the   . ther  compcnente   ver  if.'-   regl   n  where  measureraents   were 

I    j 
made.     Tlif-se  w^r»1   'al 'ulated   !'r ^  tr.--  relat I   n    w  =   -  - — viz),   tut  are  not 

r   ^r 

shown here.  The a.x'.al components are probably comparable *o u  near the 

vane where the incoming fluid is diverted towari the end walls os indicated 

by the dotted streamlines. 

Figures 3 to 5 reveal several prominent features.  The first is the 

abrupt change in the profile of the radial velocity from a uniform distri- 

bution shown in figure 3 to that of figure 4(g).  Secondly, figure 4 ^learly 

show", that all of the incoming fluid moves along the end wall toward the 

exhaust region with the maximum radial velocity occurring very close to 

the wall.  The radial velocities adjacent to the wall are increasing quite 

rapidly with decreasing radius while away from the walls the radial veloc- 

ities are small and outward (positive) in direction.  The nondimensionaliza- 

tion of  u  values by the average value  uav am     in figure 4 ous -ures these 

facts on the one hand, but reveals a similarity of the profile in the bound- 

ary layer region on the other.  The third feature Js that the tangential 

velocities increase with docreasing radius an; that the profiles develop a 

depression in them.  Thesp profiles show the came general features that 

were independently found in the experiments by Ken'all (ref. 7) and 

Donaldson and Williamson (ref. R).  One significant differencp between pro- 

files of references 7 and ^ and those reported here is the presence of the 

radial outflow in the mainstream.  It Is quite possible that the outflow 

questioned in reference P ^as actually present. 
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'■':.'■   .''■.      .', Y   Lfi f'. lee   nv     '!.•■:   :  ,      '■'.■■-!'". 1   ! r;   *    ;"    :      *. •    !    ►'' 

Impart ^ '.   *-C   ' '.•■   I 1 I 

■•.'.'.   • ;.-•   :■   'H\'.:.r:   v-1'     .'y    —.;    :■•:.•.      T.-   r     •■      :    * ■•■    ..; •.    r,   :-■••- 

■ •    '    '' I i •''■    . 'i* <■ ;   \ ■;    ■   r,   . ;• r . :.i'   ' , .■     -   : /.      '.    .\r.'i.'.     '..    t.'. ; ■.<■:•■ r.' ■ 

■:.:'•':'     .'.'..'■ r.   '•   c*    '. n:" ia; .f3     v    ' .        -■■r .        wo      . :.. ■     • . ,"i •■ : .       ' !.•   / 

•:•*:'-■. ".r.   v   rtf'A   "i •..:..:...:'■■.):•■!■.:.,■   I- :     .        ^ ..:.;■: , ■    '.    '■    ■_ 

■■■':'    v'i,-    ■ I.    <• :   M*       -/    • :. ;   t y   -i ri - .    ; ■ ■: ,   • :. 
., ' 

;    i v   v   /..     <   1 . r ,   t Uf   :•■■■ : ;M :    . r.' .   v   •  ■ • • r, :•   .   •      • ■ ■       ■ :.• -T   -ir; :   * ; •     ' M; ,-   ■. - 

' ■'•   ■ i i^s  werp    :...:'. r':;  .' •• ;   'i; ; !•■ / . •• i* '■ .y   1 1 K"   it. ■ :   'i ■    . r. /.      . ;   ■    ■■ •  ■ 

v   /■.       was   i n-r.-'i. '  j ,   v   /.     >   I.b,   tn-    Mui:   wo.     .:.■!. ;>•   '   ■   ; e ii--'i"r.'    '.:.•■ 

■ ..t r.!'.,•''•. i   fiel;   as   far.   an;   it   tu/no j   •      r.ovp   axia.iy      it      .    trie    ■har.!'-r   -c 

'irp^v   raiii.      Finally,   at     VU/UQ  >   i'-     the   fluid   turne i   :ha.-ply   Vr-irr   raiial 

axial   ••'.   tl   n   Imme i lately  up> ri  '-ntf-rirv'   th'1   v   rt'-x   ■harr.i'T,   an;   thf   tan(-<'t.- 

t: al  -i  • .   :,  appr  a ■:.'■:        1 i : -1 r ly   "otat i' n.      From  thf'e   f i n : i r.r;    i'    i     'i ri''i:'' n' 

. :,  th''   pr-T'Tit   V' rtex,   wner»3     ''', /''o        ■•■'•   t'■'iqt-   '::^p  Fi-r  '■''*-' f • ■•('   ^h«     'h-ir.'. • :   wa 

;..•.;.;,•    livrrtel   axially   :   lely   t-'-i..-'-'   the    'cntr i; w^ul    :'■ i  •■■    i-ipwircf'.   t     t' 

■t   .■  wo      ■   :.   . leral ly   [üf-'.her   than   it^   :i,war:   "i ".'■'.t m.     'Th''    :. .ertf* :    i.i   ■ ■ ■    :•• 

th-    narr  w  t oun :ary   r'-^i   r.c     .'r.  >  C.l   a:   a   ' •.',   t      the   ^r. ;   WM 11      -^nore   It ■] : 

-  v"   ra.^ally   inwar:  TV rp  easily   le 'aus^     f   the   r»? : .  '■ ".     •■r.'i 1;  .^al   :  ■: "p   :'.'M 

•;■. :   ; n ■■-■ 'i   p 3   ra i i a 1   "i r.1 r.t ■.'•.   : n  * .    . "   :'•*r :   v.:        ":.'•   rp ;'. ■ ■ ■.    'pnt r i:' if."il   !   ■ . ; 

v \.-   ;~r   i J  <  ;   ly   the   n   -clip   .•   :  : i 11.1. n     r.   Lhe   en .   wal Is ,   ::.. :   'i •■   i nwar :  "•. "• :.- 

• ..-. was   ir.-rease:   because  tr.e   elfe.'tive   flew area  wac   re :..;'■;   en:   the   1    -a. 

h      Iru'rr&spi.      However,   ;:._■   i;   , :'  thp   v   rt'''X":  tl   :.  appr   aching   .   1.:- 

:    :y  r  tat '.   n  such  as   was   1'. uni   in  referpnee   1"   f  r       v    'u     >  K ,   the c 
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tanker.I : a 1   velocltlee   opproachei   thoi.p   if  an   inviscid   vortex.     '.he   reason 

is   th^   r'Mct   t:.fit  i.orre   radial   inward   M 'W  wai,   forced   to  exist   ;:.   the   präsent 

apparatus   b'-cau;.--   tw )   i-nj     a   Is   w-re   pra-sent   ^hfreas   s^c:.   vat   ;. )t   tne   cfis»1- 

in   reference   i '.      It   is   shown   In   references   1 7  nn:    .■    that   j   11 i   ;    :y  T t :   r, 

results   when  no  racial   velocities   '-xiEt,   ar.i   that   the  presence   of  a  nega- 

11/p   raila'   velocity   '.:    viscous  an',   turbulent   vortices   Interact  with  the 

tangential  motion  causing  tn».'  motion  to depart   frotr  solid  tody  rotation 

and  tend   toward  the   invltcl :   vortex  where     v   -   1/r     as     -u    tecomes   larger 

In  magnitude.      In   itner     ordr,   the   negative   radial   velocities   tend   to  pre- 

serve  angular  mx.entur   -1th   c   "".plf-tc  preüervctl )n   alrost   teing  achieved   In 

the  f'xperlm'nt   reporte.1   ;.'•;•••  at     z       0.0  3     and     ~  -   0. '-iZ.     Ilie  high  centri- 

fugal   force   .leid  of  the  boundary   regions   is   then   transmitted  by   tangential 

turbulent  shear  to  the   region  away   from  the  loundariec.     There  a  email   radial 

outflow   is   induced   that   tends   to decrease   the   angular  momentum  and   cause   the 

depression   in  the  tangential   velocity  profiles   ifig.   l). 

The  existence  of  a  higher   raiial  mass   flow along  the  end  wall   opposite 

the   one   containing  the   exhaust   port  was  somewhat   imexpected  at   first  glance. 

A  plausible  explanation   for  thlr   situation   is   the   fact   that  the  greatest 

drag  on   the  vortex  ly   the   pr   .-■     ccurrcd   «hen  making  traverses    in   the  end 

wall  with   the  exhaust   port.      On   the  other  hand,   two    ^ther   factors   that   in- 

fluence   the   vortex   motion   could   ;■    tn«    cause.      They   are   the   raJiur   ani   ih»- 

length.   )f  the  exhaust   tube.      Oome    mpubllsned    iata  and    )bse-vat i oos   were   re- 

corded   or.   the   pres'-nt   vortex   cnamler  wnen   the   radius   and   .ength     *    the   ex- 

haust   tube  were  varied.      The   radial   pressure  distributions   insiie   t.ie   ex- 

haust   radius  were  significantly  affected  ty  the  geometry  of  ir.r   exhiust   tube. 

'l 
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a". c *   r      <        * 

'...>■  ^eas^red   static   press-re:    are   r :'':,•:.*'■ ;   .:.   r.   .,■••a...■,  !   1   r- 

;re       ar.i   ir.   'r   * :.   i : rrer.s . or.al   ».:. 1   r. "rmal i Z'-'l   !"   rrr.   .:.    :a':le   '"    ::   :• 

r.ce   1- .      . ne   ' c»r.^er.* ;a.   vel   city  at   *:.»■   va,r.e   * . ps     v       sppear-.-.t   .:.   ' 

3 
'^a;   extrapolated   ;r;rr.   ■ :.'•   "eas ^rei   .H..'S   %; :. Tr-.fil : za* ; Dr. !'ac+or 

': '■ »-xpla ; ;.-• i. 

rise  presented for  cor.par.co:. are * vo c irves '■.<:'    -■•■r^ .-a.c-.fiitei ; .- ■■ 

a s;rrp.»j, : r<-q .,er,t ly ;sed, " xi*'l   w:*- ♦ r.e aid  1' * ■'■ " »j'ic .:■■• : * a:.»" ;.'■''-• 

profiles.  It :.&£ teer, c )mni >:. practice ir. t.'.e n'  . :..  )!' rycl :.•• sfpara*or: 

and sther vortex devices to evaluate t:.e raliai :istr.: .tiot,  : * :.- ♦ :..■ • - 

ti'il velocitiec from the "leasured rad:a. ;istrii ition ol" '.'.e static pp : ; .: 

under t:.tj 1 as i c assumption that the raiial pressure ►•radiert .r pr>l.c»-! :y 

the cer.tr.: .pa', force of the fluid.  Th.e validity of tnis ass option car. ;< 

checked for the present application lecause totn tangential velocities an: 

static pressures were measured. 

11' in the racial momentum equation for incompressible torlulent I'i.i; 

moti on 

iu     ' J 

'r     >r 

.2 2l 
h- 

^.rlolent 

3 .'.ear 

.1 v i: .,.■ ■ : i ; : are "•.«j* 

ar.d 

v2 
-r- «   ^-'     r 

äu   v2 
W T- «   

3z    r 

2a 

i 2":^ 
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'Pc 
turbulent   shear   terms   « i -?, 

then   the  equation   :•<■:■.  <■     t 

v2       dp£ 

dr " 

The  tangential  and  radial  velocity profiles   in  figures   4 and  5   show that  in 

the  mldchannel  region  away  from the  end  ualls,   the  conditions   of equations 

■'Sa)   and   f 2t)   are  met  because     ^u/(3z  ^  0,   w  ~ 0,   and     u     and      ^u/h"    are 

both  srall;   condition  of truatlon     2c)   is  assumed  to  hold because the 

gradients  of    u     and     v     in  the   z-directlon  are  small.     As   is   frequently 

done,   let 

v 
v„ 0 

U) 

where    n     Is  an  experimentally determined  exponent.     For  an   inviscld  vortex, 

the  equation   of  motion   for  the  tangential   velocity  component   yields   th'1 

well known distribution    v „   l/r;   that   is,   n  = 1. 

'rtThen  equation   [ '-)   is   substituted   into  equai-ion   (/)   and   ,v,er.  f-quation 

Is   integrated,   the   .'ollowlng r.ondimens i onal   r-xpression   for   the  static  pres- 

sure  results 

/7)   -   Ps^o  r   -   1 1 
2r. 1   -     - 

o -2'n 

) 

J 

Before equation [! ) can be applied, a value for n must le chosen fror the 

experimental tan^T.tial profile data, and It must be fit reaconnbly «•■ '. 1 

with equation (4).  Two choices suggest themselves, one for the  v  fit mi :- 

channel ^ z = 0. ) where the equations r2a),  b), and  c) are ratlsfied, ar.d 

the other for the integrated average tangential velocity av The best fit 
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t..'.rou,-h ■ ficr.  a. lowed lr,e data to te extrapolated to  r - 

'■0       = 1, z = C.   ar.d  v&v   ar.d the exp'r.er.t  r..  Tr.e 

1.   f give 

resulting c^rve fits 

j-j- - u 
vo r = ^ J . - i 

'*■'■, J 

0.- O 

') 

■ :■'■     ■.'     r   =   1,   z   =   '".    )   ^    ■-;. 1     and     v       _   =     ■ .      fee'   per  second. 

\..l: 5ns     ■ )   and      ')   and   the    lata   from which  they   -ere   lerlved  are   glv^n 

:    !';r';rf'   • .     The  agreement  between  equations        )   for  both  equations   (> ) 

• ;  i an i   the   -xp' rimer.t   pressures   In   figure        Is   seen   to  le   very  good. 

".: ■    rÄximurr  deviation  o^  about   13  percent  occurred   at     '"/r'0  =  ^.I'l     where 

vne   precsur"  gradients  were  greatest. 

An  atterrpt   was  naJe  to check   equation   (J)   by  differentiating  the  exper! 

mental   pressure   iistribution  as  was   Jone  by   Williamson  and  XcC-une     ref.   2), 

t it   it  was  not  a:   successful   as   the   preceding  approach  because  of  the   in- 

herent   inaccuracies   it.   lif ferentlat ing experimental  data. 

?ho  agreement   achieved  herein between experimental   data ar.d  the  model 

verifies   the  usual   osi-ur.ption  that   in   the body   of   fluid  away   from  the  end 

walls,   the  radial   pressure  gradient   is balanced   largely by  the  centrifugal 

force.      Also  the  average     v    ,     at  any     r     is  approximately  equal   to  the 

value  away  from the  end  walls. 

Accuracy  of Results 

The  accuracy  of t  e  -leasurements was  exa.T.ined  carefully.     The  static 
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vail pr r£ .re lat-a -■'■r'   vali : because * r.»- wall tape wer0 small  '. DIG .rv:.- 

diair.;, and tr.ey were carefully rr.a i^ w!t..'i square edges free of lurrs.  T:.'- 

rr-pr xl'ir:: ;..'y  f '.'.'• Ltatic pressure J&ta is ev;ie..red In figure ' a;, i 

table II if reference '. ■   where these data were recorded after each velocity 

traverse. 

There was no doutt about the accuracy oC  the pilot  center) tute of 

the pr t ' because )f its insens; t: vl t.v *ü yaw ani its long . statlished 

reliability for  velocity reasurerr.er.t s in various s.'.ear flows.  7r.e velocity 

r.ead r-a,: .r.r:; wtT< [f peatab 1^ to  ithln a :  [mir.   ieviation of 1 . ,'' percent. 

Hw'-'v-r, l ocauce I: >■  beveled ya«' tube:: were jse 1 in a field where tnere 

were raiial as ^(-11 as axial gradients Df the total pressure, each beveled 

tube was generally exposed to a slightly different local total pressure, 

even though the spacing between them was small ^O.OIO in.).  As a result 

the probe could have been yawed relative to the local streamline, when the 

Ap between them was zero.  For this reason a check was made on the accuracy 

of fhe  t* measurements, and a detail discussion of it is given in refer- 

ence 1''. 

' slight azimulhal asymmetry existed in the flow pattern in spite of 

t' •■ pr- ■T." ' . r.. \.     TV i: it.  Two identical traverses at  r - 2.0 inches 

but 1 "^ removed from each  ther revee.ed the asymmetry which is shown in 

figures ','c)   ar. 1  and tatle I.  These two profiles are similar and differ 

r y a small ar ^:rt.  Yet, the Integrated mass rates for the uncorrected data 

of the tw. traverses at  r - 2.0 inches (fig. Vc)) were 0,230 and 0,14 , 

respectively, compared to t ne true value of C.20J pounds per second as meas- 

ured ty the oritir" meter.  The large errors in the integrated TäSS rate 
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)Ccurred because each pr:rile -'.'  the raJial velocity cor.por.(•:.■• ;r. !l»r^re ■', 

has two spikes', the ■•alui ^f integrated ma^. s rate Is quite sensitive t 

small variations in t-.e profile magnitudes.  /although it would nave t^en 

iesiratle to have cl ire agreement between the integrated and measured mass 

flow? as a check on the accoracy of the pnfiles, the EnajX' of the profile 

made this agreement difficult.  It Hppears that agreement between t.ue in- 

tegrated mass fl )w, ar-.d th' orifice meter value is not a good method to 

test the accuracy  f the radial velocity profile data.  i'^nce to present a 

consistent set ul graphs the velocity profile data for five o.*    seven 

traverses were corrected for the asymmetry by shifting the profile if the 

measured angles  an amount necessary to bring the integrated mass flow to 

within aiout ! percent of the measured prorile.  Fhe absolute magnitude of 

the angle correction varied from 0.: to 1.4 degrees.  The correction could 

have been made on the velocity, or on  a combination of angle and velocity. 

However, since there appeared to be no factor affecting the choice of cor 

r^cti^n, the choice was arbitrary.  One additional observation merits com- 

ment and that is the discovery of the asymmetry is additional evidence that 

the yaw probe was quite sensitive to flow direction. 

The presence of the probe exerted a drag on the vortex tending to slow 

it down.  This was evidenced by a shifting of the radial :istributIon of the 

static pressure readings as the prote vas extended into the stream.  The 

slowdown depended somewhat on the radial location of the probe, the greatest 

slowdovr. occurring at the smallest radii, where the velocities were highest, 

and when the probe was fully extended across the vortex.  The ..laxlmum shift 

in tr.e radial pressure distribution amounted to one part in six of the ^.-.dis- 
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turbed  dlstrltut 1 or.  th&*.   is  shown   .r.  figure    '.       r.  Ihe  average   for  most  of 

the   iata  the  effect    if   the   drag was   cons:deratly   .ess.     No attempt   was   made 

to  correct  the  velocity  profiles   for  the  effe'ts   if prote drag because   It 

appeared   impossible   to  do accurately. 

An  attempt   WB£   made   to  assess  the  effect   of  the  probe  wa/.e  by   Inject- 

ing  hellui,.   into  the  vortex  with a probe-like   Injection  tute  and   recording 

Schlieren photoe.     It  appeared  that any dlsturtance  created ty  the  prote 

was  dissipated so  that  the  probe wake did  not  seem to propagate back   on 

Itself.     The Schlieren  photos also confirmed   that  the motion was  turbulent 

everywhere.     Hence,   it  was  concluded  that   the   presence of the  prote  wake 

was  producing at  most  a  second-order effect   on  the  profiles. 

The  extrapolated  value of    v0    and    vav  0    were  94.1 and  6c. 7   feet 

per  second as  compared  with an average  of about   104.5  feet per second 

measured at  the  vane  tip shown   in figure   3.     This  variation was  expected 

hecause   there  exlrts   local   mixing of  the  Jets   as  they  emerge   from  the  vane 

injection  slots. 

CONCLUSIONS 

The  purpose  of  this   study was  to make  accurate measurements  nf  the 

radial   anJ   tangential   velocities  throughout   the   vortex  and  of   the   radial 

static   pressures   and   to  determine  the  factors   that   influence   the   motion. 

This   goal  was  achieved,   and  fror,  the  results   presented  herein  and   those  of 

the   investigators   cited,   the   following conclusions  are  drawn  concerning  the 

factors   that   influence   confined  vortex  motion.      In  particular,   tr.ese   con- 

clusions  apply to  cylindrical  chambers  that  have  stationary planar  end  walls 
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wit:,  ar.   'x.'.a.ct,   '.ol'-,   rr;cr.   c.-.all'-r   .:,   l;ar'-ter   '..•.ar,   "ir.tr  cyl.r.:f-r,    .r.    ):.'• 

yr  possitly  r D*.:. ,   of   ,:.er.,   ar. :  ■•.     L ■'!      ratio   .ess   '..an  approxlTal- ly  2. 

~'h<-  anoint    ;f  sw.rl     *;.'■   ratio     f   t.ar.ge:.t ial-to-rad ial   vel   c.'.'-c) 

IrparteJ  to  the   fluid   as   It   is   lr..'ect.ed   int     *::.';   c:iant.^r  al   :.•■   i'-t'.-rr.incs 

w.-.at   fractl^r.   :)J' the   total  rrasfi  flow will  te   forced  to  flow   inwardly  vithir. 

the  end  wall lour.iary   .ayf-rs.     '^AT.  the   swirl   is   low,   a  tangent ial-to- 

radia.   /eloclty ratlj   less   than approximately  1  to 2,   the  radial   inflow 

will  have enough   inward  r.onent^r. to penetrate  the  centrifugal   field,   and 

inflow will  exist   at   all  axial  an:  radia.   positions  away  frorr,  T ne  wails. 

When  the  swirl   is   hifh as   it   vas   in  the  present  work  with  velocity  ratios 

atove  roughly  10,   the   radial   inflow  is  diverted axlally;  and   i 1"  two station 

ary erd walls  are  present,   all the  fluid   leaves  the chamter by way  of the 

boundary  regions  adjacent to these end  walls.     Hoover,   if at   least  one  of 

the   chamber  is  wide   open,   thQ  fluid would  discharge   imnediately  out   of  this 

• ■nd.     Because  the  centrifuga.   force  field  near  the walls   is   reduced  due  to 

the  no-slip condition  on  the   s'irface,   inward  radial  velocities  exist  there, 

and  tney tend to conserve  angular momentum.     This  accounts   for  the  approxi- 

mate   inviscId-]ike   vortex  motion. 

The   simple  model   whereby  the  centrifugal   forces  are balanced   only by 

the  radial  pressure   is   valid   in  regions   far  removed  from the  end  walls, 

L       vortex chamber  cuter diameter,   2r0 

L      vortex chamber  length 

n      exponent appearing  in eq.   (4) 
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A THEORETICAL  ANü EXPERIMENTAL   INVESTIGATION 

OF 

THE  VORTEX-SI'.K ANGULAR  RATE   SENSOR 

by 

Turgut Sdrpkaya 

University cf Nebreskd, Lincoln, Nebraska 

ABSTRACT 

This paper describes the characteristics of flow of a viscous fluid 
between two rotating coaxial disks separated by a porous cylindrical 
wall. The sensitivity of the device to rotational motion has oeen deter- 
minea for various flow rates, angular velocities, and types of pickoffs. 
The viscous efficiency of the sensor has been determined theoretically 
and compared with that obtained experimentally.  It is found that the 
device as well as the pickoff may ue designed for a given range of opera- 
tion and maximum rate detection through a combination of theoretical and 
experimental studies. 

INTRODUCTION 

The purpose of the theoretical and experimental investigation de- 
scribed herein is to determine the characteristics of an angular rate 
sensor. Tnis study falls in the general category of developing sensors, 
without moving parts, which utilize the properties of fluid flow to sense 
the changes in the state of motion of an object to which the sensor is 
rigidly attached and give a mass flow and pressure output proportional 
to the rate at which the change in motion occurs. The output of such a 
device may then be magnified to actuate other components in the system 
which will preserve with their reactions the original or the desired 
state of motion. 

The vortex-sink angular rate sensor consists basically of an ideal 
sink flow between two coaxial disks and a vortex created by the rotation 
of the unit about its axis of symmetry. The strength of the ideal vor- 
tex is proportional to the rate of rotation. Hence, the determination 
of the rate of rotation reduces to the determination of the vortex 
strength either directly or indirectly through the measurement of certain 
aynamic characteristics of fluid motion.  The direct measurement of tne 
vortex strength is often difficult and reguires the use of moving ele- 
ments. On the other hand, the determination of mass and pressure output 
through non-moving elements or pickoffs provides only an indirect means 
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of evaluating  the vortex strength  or the  rate of  rotation.    The use of 
indirect pickoff elements  necessarily adds  theoretical   difficulties  to 
tne understanding of the rate sensor.     To begin with,  both  the sink and 
the vortex  flow are modified by  tie viscous  forces.     Consequently,  the 
intensity  of  the vortex motion does  not remain constant as   it progresses 
through   the  u  it.    Secondly,   the pickoff itself introduces  secondary 
boundary-layer effects,  reduces   the effective  flow area,  and  increases 
tne noise   level  because of  the  vortices  shed behind   it.     Thirdly,  tue 
presence  of any object, however small, such as a  pickoff  in a  renion of 
high   tangential   velocity or  large  tanqential  shear causes  large energy 
dissipation and reduces  the  intensity of the vortex created by  tne rota- 
tion of  the rate sensor.    Consequently,  tne angular momentum wnicn  tne 
fluid  retains  at  the sampling  zone of  the pickoff becomes  an unknown 
fraction of  the angular momentum  imparted  to  the  fluid by  the sensor. 
It  is  for  this  reason  that a  theoretical  and experimental  study of the 
vortex-sink motion of a viscous  fluid is  undertaken herein. 

EXPEHMENTAL  L'QUIPMENT AND PROCEDURE 

The apparatus consisted of a compressor,  filter,  pressure regulator, 
metering  pressure gage, rotary ter,  supply  lines, a  test cnamber or a 
slip-ring mechanism, rate sensor,  pickoff, pressure  transducer, and an 
amplifier-recorder assembly.    Figures  1, 2, and 3 show the general   lay- 
out and  two of the several  sensors  used. 

Filtered and metered air was  supplied to the porous  coupling either 
by a  test chamber enclosing  the sensor as shown in Fig.   1 , or by a slip- 
ring mechanism as shown  in Fig.   2.     The  latter method permitted access 
to the sensor and made possible  the  installation of numerous pressure 
taps on one of the two coaxial  disks. 

The rate of rotation was determined by connecting the event narker 
on tne recorder to an electrical wiper-contact on the sensor wall. For 
very slow rotations, in t'.e order of 0.5 deg/sec, an electric time- was 
used to determine the angular velocity. The output of the rate sensor 
was determined through the use of several pickoffs. The size and loca- 
tion of each pickoff and tne material used in its construction is sho» n 
in Fig. 4. The output of the pickoff was fed into a pressure transducer 
and recorded with  the help of an amplifier-recorder assembly. 

Experimental  procedure consisted of the following steps: 

a. setting  the pressure regulator and the metering pressure gage; 
b. setting  the desired flow rate on the calibrated rotameter; 
c. recording the pickoff signal   (if any) without rotation; 
d. rotating  the sensor uniformly with  the variable speed motor and re- 

cording the cutput of the pickoff; 
e. increasing the flow rate  to a new desired value,  repeating step  (c), 

and  rotating the sensor at previously set angular velocity; 
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f. repeating   the  dDüve  procedure  for all   flow  rates,   and  finally, 
g. Deqinning  once  again with   tne  smallest  flow  rate  and   increasing  the 

rate  of  rotation  to a  new  constant  value. 

Tne data obtained  through  the procedure described above  is  evaluated 
and plotted  in  terns  of  the parameters  devised  theoretically. 

THEORETICAL ANALYSIS OF   VORTEX-SINK FLOW 

The  present  study considers   the   type  of  flow shown   in  Fig.   5, where 
the fluid enters   the  region of  interest  through a  porous wall, spirals 
radially  inward,  and exits axially  at some smaller radius.     Since  the 
radial   and  tangential   Reynolds  numbers  are  in general  within  the sub- 
critical   range and since  the radial   and  relative  tangential   velocities 
are  required  to be  zero on  the walls,  viscosity generally plays  an  im- 
portant part  in determining  tne  flow,  at  least in some nelgnoorhood of 
the walls.     Consequently,  tne present study  is  concerned with  the motion 
of a viscous  fluid. 

It  is well   known that solving  the full  Navier-Stokes  equations  for 
a confined vortex  is  a  formidable problem.    A useful  method of attack  is 
to analyze  the radial  nonrotating flow through the use of  the boundary 
layer equations  and extend the resulting solution  to flows with weak 
swirl   through  perturbation methods. 

The  influence of rotation on  the fluid motion may be  indicated by 
the Rossby number,  U0b/ujR|, which  represents   the ratio of  linear momentum 
to angular momentum.     When  the Rossby number is   large,   the  Influence of 
rotation  Is  small,  and  it  is  possible  to consider perturbations  about 
any of  the simple,  known solutions  of  the axially symmetric Navier-Stokes 
equations.     Examples  of  this  type have been given  in  the  literature for 
other types  of vortex flows. (^ 

Analysis of  the Radial  Flow 

In  the case of  two-dimensional   steady motion of an  incompressible 
viscous  fluid,   the boundary  layer equations  and their boundary condi- 
tions are given by: 

3x 
♦  w 3u 

ay 

dU 32u_ 

ay2 (1) 

W. S. Lewellen, Linearized Vortex Flows,' 
No. 1 , January, 1965, pp: 91-98. 

AIAA Journal, vol. 3, 
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-x 
9w 

3y 
= o (2) 

wi th 

y=0,    u=0,    W=J,    y=    6,     u=Ü(x) (3) 

porous 
wall 

Fig.   5    Coordinate axes 

We begin by writing the equation of continuity 

sink  tube 

J 

1 

sink  tube 

fu dy = l^b 
0 

Introducing  the displacement  thickness   6     as 

b 

/ 
(U  -   u)dy  =  U  6 

(4) 

(5) 

and noting that near the inlet section the boundary layer develops in 
the same way as on a flat plate at zero incidence in an unaccelerated 
flow, we have(2) 

-£-  1.72 fi£ Kit     ,     e   = 
vx 

b2Uo 
(6) 

(2) Boundary Layer Theory, Herman Schlichting, 4th Ed. McGraw-Hill, 
1960, Translated by:    J.   Kestin 
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Hence, tne velocity of the potential flow outside the boundary layer 
becomes 

U(x) = -^(1 + K c + K9c
2
+ . . .) (7) 

R0- x     1    l 

in which K2, K3, .... remain to be determined as part of the solution 
«itnout the effect of the boundary layer, the velocity of the potential 
flow would have been 

U(x)=  U^ 
K- * 

Now  introducing  the similarity  transformation, 

y !u0R0 

R„-  x o V 

and  the stream function 

'(x,y)   =    Uob^    (   c   f(n)   +c2f  (n)   +   .   .   cnf   (n)) 
^r        •       1 

we obtain the velocity components  u and w as 

and 

3x (R  -x)2|     v 2   [  b^x   ' 

y U0R 0 'xc 

(8) 

(9) 

u a JI-  s  Jk^_   (f%   cf') (io) 
ay        R0- x v 0       ' ; 

(ID 

E '  Tz U } 

where  ^    ,  f,    ,  etc.   denote  the derivatives  of  f0 ,  f, -vith 
respect  to n. 



In order  to make sure  that  the equation of  continuity  is  satisfied 
it  is   necessary  to determine  the derivatives  of   the  velocity  components 
as 

dU 

3x (R.-   x)2 
(fo+   ef,   )   +       U'Ko        (fc 

Ro- x 

U6 Re 

(Re- x)2 

(12) 

+  cf. 

(Re- x)' 

U0R o ^o 

and 

3w 

77 
U.Ro      UoR 

R0-   x 

u^ KO J-Mi 

f"   +   A^ f  +   -L- 
V'     («0-x)2 (R0-x)2 2 

(Ro- x) 

f\ E -^ 

(R.- x)1 

f    + 

U, v 1 

b2x    R„-  x 

(13) 

Introducing Eq.   (12)  and   (13)   into Eq.   (2),   it  is  easy  to verify   that  the 
equation of continuity  is  satisfied. 

Now introducing the velocity ccmoonents and their derivatives into 
the equation of motion, Eq. (1), we obtain for the first approximation, 
i.e.   for e - 0,   the differential   equation* 

which  is  to ue solved with   the boundary conditions 

M  =  0   :     fo   =  0   ,     f0   =  U 

n  =  °°   :     fo    =   1 

// 
Multiplying Eq.   (14)  with  f0     and  integrating,  one has 

(15) 

*Tnis equation is identical with that obtained for the exict solu- 
tion of viscous flow in a convergent channel  (see Ref. 2, page 144). 
The similarity, at least for the first approximation, between the radial 
flow in a sensor and the flow in a convergent channel is apparent. 

311 



312 

C   -   -~   {<   -   I)2  (fo' + 2)   = C (16) 

Since n  ♦ <»      f0     = 0V    f,,'   =  1,    C = 0, we  have 

fo" = _^_ = {^. (f;. D^V^ 2)}1/2 (17) 
an 3 

or 

df. 
n   = 

2 
J vX-i)c 

.2 

Upon performing the indicated integration, we nave 

(18) 

n = i?   {tanh  tann-p- (19) 

/ 
Solving for f0    , we have 

C   =  —y—   =  3  tann2  (   -^   +   1.146)   -  2 (20) 
U(x) V2 

Combining Eq.   (20) with  Eq.   (10)  and remembering  that  for the  first 
approximation c  = 0, we  have 

ll   U' 
u 3 2 

tann 
y|2R,v 

Uo 1 -   x 1  -    x 
+   1.14D (21) 

Althougn it was possible to obtain a second order solution for u/U0 
oy making use of Eq. (20), this was found to oe unnecessary particularly 
for small rates of rotation. 

A careful examination of Eq. (20) shows that at n = 3, the boundary 
layer merges with the potential flow. Hence, the boundary layer thick- 
ness becomes (see Eq. 8) 

r  (22) 
v = '■ =3(Re-x) T/-^— 

f U0Ro 



which  shows   that  6   is  maximun nedr  the  porous  wall   and  it  decreases   as 
tne  flow approaches   the sink  tube. 

It should  first  be  noted  that  tncre   is   no  possibility  of   tne  bound- 
ary   layer  thickness   increasing  toward   tne  sink  and cnoKinj   the  potentia 
flow.     Secondly,   in  oroer  to  reduce   tne  effect  of  viscosity  on   tne  per- 
formance of  the  sensor one must qentlv  converge  the  sensor walls   from 
tne  porous  coupling   toward  the sink   tuDe   instead of diverging  tnem.     At 
present a sensor  is  Deing built witn converging side walls  and short 
streamlined entrances   into  the sink   tubes. 

Returning  to  Eq.   (2^),   it  is  noted   tnat  the maximum value  of  6   is 
given by 

Jo 
v 3 'i—= f'3' 

In general   the half width D of  the sensor  is   larger than 6m (with   the 
possible exception of  that oortion near  the porous  coupling)  and  the 
theoretical  analysis  based on  the ooundary  conditions  used herein 
(y = 0, u = 0, w = 0, y = b, u = U(x)),  is  as precise as  the one which 
would have been obtained by using  the boundary conaitions    y  = 0,  u  = 0, 
y = b, u = U(x)   . 

Flow with Weak Swi rl 

In the foregoing,  the development of  the boundary  layer ana  the ve- 
locity components  for only  the radial  sink  flow were discussed.     It  is 
appropriate at  this  time  to determine  the  tangential  component of veloc- 
ity due to axial   rotation as well  as  the ever present radial   flow. 

For large values  of the RossLy number,  i.e.   for weak swirls,  the 
inclination of  the  relative streamlit.es within  the boundary  layer with 
respect to the radial  direction—if tne wall   is  imagined at rest and  the 
fluid is  taken to rotate at a  large distance  from the wall—may be writ- 
ten equal   to the  inclination of the relative streamlines outside  the 
ooundary layer.    This  procedure yields 

ii)R«    /     r 
2 

r     v 
V  2.   (    . 

"        2   )   u 

Ro rt ^     r0 

(24) 

313 



in which   rr and  r    represent   the strenqtn of   the  vortex  at  radial   dis- 
tances   r and R    rtspectively  and u  is  given  by  £q.   (21).     Figure 6  snows 
the  variation of  the   tangential   component of  velocity. 

If  the strength  of   tne  vortex were  not  dimimsned by   the  shear  stress 
on  the walls,  tne ratio  r^/r    would have oeen equal   to unUy.    Obviously, 
rr/r0  represents   the  ratio   jf  the  angular momentum wnich   the  fluio  re- 
tains  at a  radial  distance  r  to  that  imparted  at  the coupling,  i.e.   the 
viscous  efficiency of  the sensor. 

Viscous  Efficiency of  the Sensor 

In order to determine  the  ratio of  the  circulation or the angular 
momentum which  the  fluid  retains  at the pickoff   to  that  imparted at  the 
coupling  it is  necessary  to determine  the circumferential   component of 
the shear stress. 

Wri ting 

Ot 
.v- xi. 
Jy y=0 

liiRj 

■v 
3u 

y = 0 
(25) 

and 

3   u U,R. 
^0 

1 U.R. 
■ i 

d y r r \  v 

y =0 y ■C 

(26) 

through  the use of Eqs.   (8)  and  (10), one obtains 

R2 r2 

Ot r2 R2 /ÜÄ 
y=0 

witn    r /r = L (27) 

Since y = 0 - n = 0 - f,     "0,  Equation  (17; yields    fe =  2/^T"  . 
y=o 

The strength,  rr/2w, of the vortex at a radial  distance r may be 
written as 
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(28) 

The  torque acting on  the two sides  of an annulus of fluid mass dM 
(dM = 4itpbrdr)     is  given by 

dT  = 41  r    T    dr 
Ot 

(29) 

Since 

we have 

_dT_ =    5(rr/20 __    3(rr/2^) dr 

dM 3t 3r        dt 
(30) 

3(^/2^) 

ar 

r 

b 

Tot 

U 
(31) 

If there were no effect of viscosi ty, the vortex strength rr/?iT would ob- 
viously have been equal  to wR^.     In order to evaluate the effect of vis- 
cosity on the reduction of circulation,  the ratio of circulation actually 
present at a given distance r to the  ideal  circulation (uR2  is  defined as 

the viscous efficiency E.    Hence, we have 

(32) 

or by replacing u by the average radial   velocity UoRo/r and combining 
with Eq.   (27), one obtains 

dE 

dr 
JL-L 

VT   b UoRo 
(E 4' 

RS 
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Writing 

r/R0   =  C   .     r    /R0=   ;_.      Q  =  4l^0bU0 po 'po 

Re = Q b 
and      K =  4il —-i — 

I  3  K Re 

we have 

(33) 

Integrating Eq.   Ciu) and noting that for ; =   1,  E =  1, one obtains 

2 ? r -> o ?        K(;    -1) 

po 
(34) 

K 

Although we are interested with the value of E at the pickoff, i.e. at 
; = ; , in general ;  is extremely small and for all practical purposes 

it may be taken as zero. Hence, Eq. (34) reduces to 

E = 3 Re 

8 1 

(iff^ 
-4Ji^ 

+ i_Re_) e 13 I Re 
R 1 

(35) 

The results ootained from this equation are compared later with  those 
obtained experimentally. 

The Output of the Pickoff 

The pressure distribution around a cylinder of radius c located in 

2 

a uniform flow of LL  is given by 

nU 
P =  P    +  -^   (1  -  4  sin^  e) 

o 2 
(36) 
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Fig.   7 

In order to find  the maximun of  3p/3e, we write 

_i2. =   -   8  -^-i-   sin 4  cos  9 
3^ 

(37) 

and 

32D 

39^ 

out 
COS   ?H ^ = •rr/'i (38) 

Consequently,  the holes  on  the pickoff must be  located at e =  ±  n/4  in 
order to get the  largest  response.    Hence  from Eq.   (37) we have 

0Us 
j^u |   =  ^     AO    (for one iole) 

2 
(39) 

The angle A0 must be determined  in  terms  of U    and  the  tangential   veloc- 
ity prevailing at  the point  (actually a  finite sampling area)  of output 
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wit^i   reference   to  Fig.   7,   one  finds   tnat 

=   v     /J 
: G    ' 

(40 ) 

CcTiDimnq  Lqs.   (3b).   (39),   dnd   (40).  ^e  nave 

UP ! 

J' /? 
-^   L 

po 

(41) 

It must  be  noted   tndt   tne  Dickoff,  because  of   its   finite  Jincnsion, 
reduces   the effective  area   in   the  smtc   tube.     T^e effective  velocity 
around   tue  probe   is   oetennmed  by writing 

f r* 2  c.   ?r   j 
3 42) 

ur 

^r* 4  c   r (43) 

Fq.   ^43)   is  used  toqetner with  Lq.   (41)   in  calculatinq   the dimensicnless 

Darameter AP/DU2/2. 

In  closmq  tne  theoretical   analysis   tne  followinq observations  must 
oe   recorded: 

a.    when  two pickoff noles  are used as   in  tne case of pickoffs  "1,2, 
and  3,   the  riqnt side  of Eq.   (41)  must be multiDÜed by  2,   i.e., 

AP 

air/? 
-=  8 —^  -^  E 

U 
(44) 

[ - 

since the differential pressure is twice the pressure obtained 
through one hole or slot; 

b. the enerqy loss near the entrance into the sink tube and within the 
sink tube is not taken into consideration in tne determination of E; 

c. the points (actually noles or slots of finite size) on the pickoff 
indicate tne average pressure over the sampling area rather than tne 
pressure at a theoretical point. A better approximation could easily 
be obtained by performinq a double inteqration with respect to r and 
e over tne sampling area. This was done for tne pickoff » 2, and it 
was found that the use of a radial distance r  (see Fig. 7) to the 
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center ot the pickoff hole is more than satisfactory for the calcu- 
lation of the actual average pressure; 

d.  it is obvious that the tNeoretical efficiency of the sensor woulc be 
higher then that predicted experimentally because of the energy 
losses not included in the analysis. 

Althougn the theoretical analysis presented in tne foregoing is fair- 
ly complete and quite satisfactory for small to moderate rates of rota- 
tion, studies are underway to extend the analysis to higher orders of 
approximation to make it applicable to larger rates of rotation. 

DISCUSSION OF RESULTS AND CONCLUSIONS 

A matter of considerable interest is the comparison of the measured 
pickoff output with tnat determined theoretically. Before doing so, how- 
ever, the results of the exploratory measurements made with various pick- 
offs will be presented. 

Figure 8 shows the data obtained with pickoff * 5 and sensor * 1 for 
various flow rates. It is apparent that this particular pickoff does not 
sense the direction of rotation and that its output at low values of w 
is not satisfactory.  It may, however, be used successfully for moderate 
values of u) to detect the changes in a unidirectional rotation. Under 
these circumstances it will be found that the output of the pickoff * 5 
(psi/deg/sec) is quite high. 

Extensive exploratory measurements were made with the pickoff # 4. 
Figure 9 shows the pressure distribution around the pickoff for three 
different flow rites with no rotation. This particular experiment was 
conducted for the sole purpose of determining the effect of the sink 
tube on the characteristics of flow around a circular cylinder protrud- 
ing only half way into the pipe flow. The results show conclusively 
that if the diameter of the pickoff is small compared with the diameter 
of the sink tubejthe pressure distribution around the pickoff area of 
the probe is not significantly different from that around the circular 
cylinder irrmersed in an unbounded uniform flow. Figure 10, which was 
obtained with probe # 4 and sensor # 2, shows the output as a function 
of the rate of rotation for e = Tr/4.  It is clear that the output of the 
pickoff increases considerably with the increasing flow rates. At high 
rates of rotation, however, the output levelr off anj the pickoff be- 
comes rather ineffective. The significance of this result lies in the 
fact that one needs different types of probes for small or moderate an- 
gles of rotation in order to obtain the optimum output. 

Upon completion of the preliminary investigation, probes #1,2, and 
3 were designed and built using a gold tube available cornnercial ly. Fig- 
ure 11 snows the results obtained with probe # 2 and sensor # 2 in terms 
of pressure (psi) and rotation (deg/sec, clockwise or counter-clockwise) 
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for various flow rates. A brief examination of this figure shows tnat 
the output is quite linear for small values of u end that it increases 
with  increasing  flow rates. 

Probe  »  2 qives  a  zero signal   ijijthe absence  of  rotajjon regardless 
of, the  flow  rate  through  the  sink   tube.   "The reason  for  tnfs  is   that  the 
noles  on  the pickoff are situated sy^netncal ly   ^at  tne  same sic? of  the 
probe)  witn   respect  to  the  center of  the  sink   tube.     Furt^pmore,   it   is 
clear  that   the  flow output of   tne  pickoff may  De   increaseL   four  times 
wnen used with a  low  input  impedance amplifif.     For  this  purpose  it  is 
sufficient to use  two pickoffs  and  to connect  their outputs  as  s^own  in 
Fig.   12. 

Sensor 

^ 

Pickoff-A 

Di viding 
wall 

Connecti' g 
ubes 

Dividing wal1 

Pickoff-B 

Fig. 12 Interconnection of two active pickoffs 

For high input impedance devices the use of one pickoff is sufficient 
ana probably more advantageous. 

It is important to note the significant difference between the out- 
puts of a probe like probe # 2 and the probe #4.  In the case of the 
former the static pressure difference is always zero while in the latter 
it changes with the flow rate. Consequently, the output of a probe like 
probe # 4 is more susceptible to fluctuations in the flow rate tnan probe 
# 2.  Measurements similar to that presented in Fig. 11 were obtained 
with probes # 1 and 2, and with sensors # 1 and 2.  Tne results have 
shown that the two holes on probe # 1 were too close and that tne flow 
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around  the   two pickoff points   interacted and reduced  the output.    The 
slots  on   the  pickoff  •  3.  on  the  other hand, were  spaced   too  far apart 
and the output was   likewise  lower  than  that obtained with  probe *  2.     It 
appears   that  tnere  is an op'imun distance between  the   two noles on  the 
probe wmch  will   qive   the naxin-ium  output.     This  point will   be explored 
separately   in   tne  future.     In  closing   the discussion  of   the  characteris- 
tiCi  of probe  «  2  it shoulu be  noted   tnat  the spanning  of   the probe a- 
cross   the entire sink  tube,  unlike  probe « 4,  reduced separation, pre- 
vented probe vibration, and  lowered  the noise  lei'el   of  the pickoff out- 
put.     It  Is  sufficient  to say  that   In  view of  the  various  advantages 
cited above  the  use of a probe similar  to prooe » 2  is  highly   -ecorrnendea 

Tne climax of the discussion  presented herein  Is  certainly  the com- 
parison of  the  various efficiencies  obtained  theoretically and experi- 
mentally.     The  theoretical   viscous  efficiency  is  calculated  from Eq.   ^35) 
and plotted  in Fig.   13.    The experimental   viscous efficiency of the sen- 
sor 0 2 and pickoff * 2 1r   determined by using  the data  presented  in Fig. 
11.    For this  purpose Lq.   (44)   is  rewritten as 

:P 

J  r s   po 

and the values  of E are calculated  for each value of  the modified Reynolds 
number Q b/vR^.     The results  are plotted in Fig.   13 for  the purpose of 
comparison.     It  is apparent that  the experimental  values, although quite 
consistent among  themselves, are  lower tt.an  those predicted  theoretically. 
This Is partly due to the exclusion,  from the theoretical  analysis, of 
the energy  losses occurring In  the sink  tube end partly due  to the  inter- 
ference of the vortex core with  the pickoff.    It Is believed that with 
the design of smaller plckoffs and modifications of the  sensor geometry 
the efficiency of the sensor may be  Increased considerably.    The signif- 
icance of Fig.   13  lies  in the fact  that the efficiency of a  vortex-sink 
device can be calculattd theoretically and that  the experimental  values 
follow the same  trend as  the theoretical  values. 

It Is  appropriate at this  time  to note briefly the several observa- 
tions made during the experiments: 

a. The sensor was  rotated about  the other two axes perpendicular to Its 
axis of synmetry and no signal  was  recorded, 

b. The sensor was given  translational  motion in several  directions and 
once again no signal was observed; 

c. The rotations  In the clockwise as well  as  in the counter-clockwise 
direction gave Identical  pressure signals; 

d. Although dui ing each test a dummy probe was mounted  inside the 
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opposite sink tube, during several exploratory measurements the dummy 
probe was removed to see if the output of tne active pickoff would 
vary.  Tne results have shown that for small values of m and Q the 
absence of the dunmy probe does not change the output of the active 
probe.  For larger flow rates, however, the use of a durmy probe, 
or as suggested in connection with Fig. 12 and in connection with 
low input impecance devices, the use of two active pickoffs is 
recormended ; 
Several observations were made by closing one of the sink tubes.  It 
was found that for a given w, tne output of the active pickoff does 
not double when the entire flow is directed into one sink tube. On 
the contrary, the output drops sharply.  This is, obviously, due to 
drastic alteration of the radial flow near the center of the sensor. 
It is, therefore, recormended that a syrmetrical ly built sensor be 
used.  If a single ended sensor is desired, its closed side has to 
be modified considerably to provide a streamlined conical transition 
toward the sink tube; 
Finally, extensive measurements were made to determine the effect of 
mass flow through the pickoff on the sensor output by connecting the 
device to a specially designed proportional amplifier. It was found 
that rates of rotation as low as one degree per second could be de- 
tected with significant pressure and flow gains.  Experiments are 
being continued on the operation of the sensor with a staging 
amplifier. 
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NOMENCLATURE 

a distance to the center of the pickoff nole (see Fiq. 7) 
D naif width between the two coaxial disks 
c radius of the pickoff tube 
E viscous efficiency of the sensor, r_/rn 
f(n) a function in the boundary layer stream function 

KT , K-, 4 constants 
n an index 
p pressure 
PQ ambient pressure 
Q total flow rate. Q = 4iiR0bU0 
r racial distance, r = Rn - x 
r radial distance to the center of pickoff hole 

rg radius of sink tube 

RQ radial distance to porous coupling 
Re Reynolds number, Qb/vR^ 

u radial velocity in the boundary layer 
U(x\ radial velocity in the potential flow region 

Ug radial velocity at the coupling 

U8 average axial velocity in the sink tube 

v absolute tangential velocity 
vrt relative tangentMl velocity 

w axial velocity 
x, y, z coordinate axes, R0 - x = r (see Fig. 5) 
fj vortex strength at the coupling 
rr vortex strength at radial distance r 
6 boundary layer thickness 
6* displacement thickness 
c a parameter 
; r/R0 
n similarity parameter 
6 angle measured from the front stagnation point 

u dynamic viscosity of fluid 

v kinematic viscosity of fluid 
o density of fluid 
T shear stress 
TQt tangential component of the shear stress on the disk 
f boundary layer stream function 

w angular velocity, rad/sec unless specified otherwise 
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Q/hw. 

C  nstan'    : «•rr.perat'urf1   : ,■   assuir.el   i r.  ail   measurements.     /\n   incrf-as« 
ir.   vi. ■ islty   i ji-   ?r   • rar..-i f-r.'.   heating  from  the    ••cnera   lights  wool 1   mean 
that    the   actual   t>oints    .:<■   'o   the   Ipft   of   the   pointr   plottei  here.      r>ome 

of   'hf    iata   .--a'' .-ring,   i'or-   i '.ic: .'■,   figure    j,   r-.ay   be   ?a,jse ]   by   this 
» : •'■"t. 

CONCMJ.SIONG 

An   increase   ir-.     * ;u. f LQ     \      (ratio   jf   tar.gentlal    'omponent   t J   ra.ilal 

component      f   velocity)   !.-      l:-.ervei   whir.   ' h» re   ; ^   a   iecrease   In   flow   rate, 

The   resuUs   indicate   that     r.-tlrn-ur.   r-ii 1 us-t j-hf igh*    ratios  may  '-xis*    for 
various   flow  rav-s.      7}; i s   maj^mum   :   lint    Is    4ue   to   the   fact   »hat,   as   the 

R/h     ratli    initially   increases,   the   iner» ial   fffr'cts   (the   teni-'n,  y   to 
preserve    : i rculat ion)    iominatr.     At   the  maximur.,    the   Inertial  effects 

and   vis- ;us  effects   (jlate   irag)   ar''     f  the   s'ime   order.     Finally,   fur- 
ther   Increasing     P' h     lea Is   •.■..    : irr. 1-.a' : jr.   by   the   viscous   efl'e'".    .-ir.ee 
each   fl ild   partible   must    'ravel   n   ;   r.ger  pa* h   r.eurer   the   wa; ..-   an 1   hence 

Is   actel   upon  by   viscous   force:'      .'• r   thi..   1 .nger   p.".th   lengt.*,.     F'j'ther 
experiments   will   tetter    letenr.ine   thf   reiatl ,r.   L^fween     F/h     rat: '   and 
tan   i     needed   to  ac^urutely   je.Igr.  a   rate   sensor   for  a  particular 
app 1 icat i on. 
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Figure Experimental  vortex  chamber. 

Figure  2.-   Lower housing  showing threaded 
support. 
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Flgrure 3--  Interchangeable  felt washers and 
exhaust por^s. 

STREAMLINE 
RELA1IVE 

.CHAMBER VI 
BY SMOK 

Figure '♦.-  Flow angle    a    of the streanü-lne 
relative to the  chamber. 
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3     W 

\ 

^-    i.    ■" 

i   ■      -»    n. 

figure ^.-  Effect  of variation of plate  spacing 
on    tan (OQ O")    as a  function of  relative 

radius    k.     F  = 0.1^ m (6  In.); 
%< = 6.6 x 1C~^  m^/s;  u; = 6C deg/s. 
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Figure 6.- Effect of variation of coupling ele- 
ment radius on tan^o^ o) as a function of 

Reynolds number. 
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Figure 6.- Concluded 
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Figure 8.- Effect of flow rate on tan(ar 2) 

versus Reynolds number. 
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Figure  9--     tanfo,-,  0^    versus  Reynolds  number 
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Figure 10.- Concluded, 
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Figure 11.- Variation of tanfa^^) wlth  v 
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PHOTOVISCOUS FLOW VISUALIZATION IN 

FLUID STATE DEVICES 

Endre A. Mayer* 

Abstract 

Photov it co« >l i   it *n «ictllrnl (low v itiial na! ion trc'iniqu» it:pl.<ih> lo <  varitty ol (luid (lalf corn. 

pontnlt      A   number  of  liquid*  fihibn doubl*   rtfrtcl   ng  proprr   i**  which irr *  (unction of (h*  VKCOU*   ahcir 

• lr**t  *i>*rird on ;h«  liquid      Th*  VKCOU*  thrtr  i*   proportion*! to th*  «clocity  gradient   in  liquid*    * nd ih» 

mitrlrrrnc*   p«tt*rn  i*  thut * (unction o( ih«   Cow  drld      Th*  phoioviacoj*  art  w**  tdvancrd • ignidctnt ly by 

F-  A.   Pteblta.   «I    al.,   in   I9SJ by   rcporling   in dflail on th« photovitcoua  proptrde«  o( a  Milling  Yrliow  Dy« 

(MYD) «olulion.    Th«  MYD aolution ii highly ••ntidv*.   «a«y lo prrparr *nd handl«.   and .h« vxcoaily   >•  «imilar 

io thai o( hydraulic  oil*     Tb«*« prop«r'i«*  mad« Ihr  MYD a d«*irabl« (oluiion (or  pholoviacoui  »tidu*     Ad- 

ditional  »igmdcam   mil««ion««   in ih« u*« of pholov ;«c o« it y with apprnpriat«   r«fer«ncra  ar«  hatrd  in Ih«  paper. 

Typical   r««ult*  of pholoviicou*  «ludie«   m noi««   i nv r*t ig*i ior, of proportional  |«l  deflrcllon amplidar d«- 

• ign ar« ihown.     Th« «wiiching tran*i«nt« of wall aliachm<>ni  In drvicr* ar« drr^onat ral*d (or ilraigh'  and 

cuppad «plilt«r  d«*i|ni.     Th» d«m«rcalion b»tw*»n  laminar and turbulrni   flow   rrgimc»   may b» «««n  in ih« 

vanou*   (till   pictur»«      Th*  flow   infraction  bvlfaen  th«  langrnlial control  Jrtc   and  Ihr   radial  lupply  (low   in 

yon*«  fhamb»r*   o( 'Jiflrrmi drligna  i* al*o dcmonairalad al  vanou*   lcv»l* of vorlicity  in Ihr vorl*« chambar. 

INTRODUCTION 

Photoviscosity offers an excellent flow v'sualiration technique 
applicable to a variety of fluid state components.    Photoviscosity is 

very similar to the photoelastic technique used in the study of stress 

dist'ibut ions  of complex structures.    The common  principle is the 
stress  or  shear related double  refraction, or birefringence,  found in 
certain materials.    Double refraction in liquids was discovered by 

J. C. Maxwell in 1866^' using Canada balsam.    Maxwell described a 

method of quantitative investigation of the relation of viscous shear 

and double  refraction in liquid. 

Maxwell's method was later used by many succeeding investigators 

of photoviscosity.    The apparatus  is shown in Figure  1.    The fluid under 

study is between two concentric cylinders.   One of the cylinders may 

be rotated at a desired speed, thus  imparting to the fluid laminar shear 

stresses  of controlled magnitude.    Monochromatic  or white light is 
passed through the polarizer before entering the fluid under investiga- 

tion.    The light leaving the fluid is observed through the anaivzer   a 

second polarizing device.    The axis  of polarization of the  polarizer 
and analyzer are crossed at  90 degrees; at zero velocity no light passes 
through the polanscope.    If a photoviscous fluid is used,  as the rota- 
tional velocity of the cylinder  is  increased a band of light becomes 
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Figure  1   - Schemaljr  of Maxwell s 

Photoviscous Test Setup 

visible      Furtht-r   incr<.i8ing of the 

rotation of tht- cylinder  produces 

additional bands  of light,  or   fringes 

Rotating  both the  polarizer and 

analyzer together will   result   in the 

disappearance of the fringes when 

the axis  of either the polarizer  or 

analv/er   is   lined up with the direc- 

tion of the  shear  force   in the  liquid 

THEORY OF  PHOTOVISCOSIT Y 

The optical behavior of the 

I  is  very 
(2.3.4.5) 

intensity of light transmitted through 

the polarizer  is defined by Malus' 

Law 

photoviscous fluid  is  very similar 

to photoelaslicity.*2* ^'^    The 

I       1 cos • 1 
m (1) 

vAsere  0 is the angle between the 

optical axis of the polarizer  and 

analyzer 

Four basic  phenomena are 

known to produce  polarized  light 

Double  refraction or  birefringence.   Reflection.   Lipht Scattering and 

Dichroism.    Light entering a birefrmgent material   refracts   into two 

distinct  beams      One of the two beams  follows the  law of  refraction 

established for  materials,  and is called the ordinary beam     The  other 

beam, the extraordinary beam,  deviates  from the  law of  refraction 

Both beams  are  polarized with the axis  of polarization  90 degrees 

between the two beams      In certain crystals,   one of the  two beams   is 

almost  completely absorbed  in the material      These crystals  are the 

dichroic  polarizers 
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The two most widely used polarizers for photoviscous and photo- 

elastic investigations are  the  Nicol prism and   Polaroid sheets.    The 

polarization of the  Nicol prism is  based on birefringence and that  of 

the   Polaroid sheet  is  based on dichrorm.    The   Nicol  is a  very efficient 

polarizer, howeve r, la rge area polarizers are difficult and expensive to 

make      Tie coilimation of the light path with additional optical  elements 

is  requires if a Nicol  is to be used as a large area polarizer.    For 

photoviscous  flow visualization, la rge area   Polaroid  sheets provide  in- 

expensive means of polarization 

In birefnngent  materials, the propagation of light  is not  uniform, 

and occurs in two directions designated as the principal  vibration 

directions.    When birefnngent material  is  placed in a polanscope,  as 

shown in Figure 2, the  beam from the polarizer  is  separated into two 

components along the principal axis (A,B) of the  birefnngent material. 

The two components transmitted in th^? plane of the analyzer (a|  and a^) 

may not be equal.    The intensity of the light transmitted through the 

analyzer will depend on the optical properties of the birefnngent 

material, the thickness of the material, the wavelength of the light and 

the orientation of the birefnngent material      By rotating the birefnngent 

material in  Figure 2 until the optical axis  A  is aligned with either the 

axis of the analyzer or the polarizer, the transmitted light intensity 

«III Of iMALTItl 

kHklllfl 

BIHtrtlHCIMT >| 
MATIIIAL 

P«»*Clf*L OfTICAL 
AXIl OF  IIRfMIMCIHCI 

TOLAtUI» 
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UGMT iOUICt 

Figure 2 -   Polarized  Light Transmission  m Birefnngent  Materials 
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is  reduced to zero.    The lines of zero intensity thus obtained   are called 

isoclinics.    The amount of birefringence in a photoviecous liquid is 
defined by Maxwell's  Law 

dV 
A n    =    n     -  n       =    M^i ——   t (Z) 

e o dS 

where ne, n0 are the two indexes of refraction.  M is the Maxwell   con- 

stant, ^i is the viscosity, dV/dS is the velocity gradient and t is the 

optical path in the liquid. 

The Maxwell  constant  for most photoviscous liquids  is of the 
order of  10' A more convenient unit, the fringe value (N) may be 

used to designate the photoviscous property of the material. 

u dV 
N    =   -   t      (3) 

n dS 

where n is the number of fringes observed. 

The orientation of stress and the principal optical axis are closely 

aligned in the materials used in photoelastic investigations.    The sensi- 

tive photoviscous liquids exhibit nonlineanty in this respect,  the angle 

between the optical axis and the viscous  shear is a function of the value 
of shear. 

PHOTOVISCOUS FLOW VISUALIZATION 

A large number of liquids exhibit  some degree of photoviscosity. 

In most of the liquids the amount of birefringence is too small to 

develop the first order of fringe at velocity gradients of interest in 

hydraulic  research. 

Liquids with low photoviscous  sensitivity require point by point 
evaluation of the amount of birefringence by optical compensation 

techniques.    The pure liquids with low  sensitivity have more linear 

physical characteristics, the optical ax»"i have a fixed relation with 

the direction of shear.  Maxwell's constant is independent of the value 

of shear, and the  behavior of the fluid is more Newtonian  --  the 

viscosity is independent of the shear force. 

Liquids with much greater optical  sensitivity, a factor of about 
Q 

10   , are colloidal  solutions.    The early photoviscous work, both quali- 
tative and quantitative,  is well summarized by  Prados and  Peebles.'   ' 
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A  review of the various theories proposed to explain the double  refrac- 
tion phenomena  in fluids  is given by Jerrard.^ ''    Vanadium   Pentoxide 
solutions were  used by Humphrey  in   1923(ö)i  indicating the demarcation 

between laminar and turbulent  flow.     Bentonite   solutions we re extensively 

used by Häuser and Deviey'"' around   1940 to visualize dynamic  flow 

around complex model   shapes such as various automobile  body designs 
both with monochromatic and white lights.    Further experiments planned 
to use bentonite  solution are presented by RosenbcrgnO) in   1952. 

Rosenberg includes a detailed bibliography and  summarizes the non- 

lineanties involved in the use of colloidal  solutions for  flow visualiza- 
tion.    A comprehensive evaluation of the  birefnngent properties  of 59 

liquids is given by  Weiler.i''''^'    On the  basis of measurements  using 

an apparatus of Maxwell's general design,  Weiler selected a  solution 

of Ethyl Cellulose for  flow visualizatic n  studies. 

The discovery of the photoviscous properties of Milling  Yellow 

Dye Solution (MYD) by  Peebles, et. al.H^) gave a sensitive,  stable, 

inexpensive and non-toxic, non-corrosive liquid for flow visualization 

stupes.    The  properties of the  solution,  birefringence and viscosity 
ar^  published.'^)    Quantitative two-dimensional flow analysis may be 

conducted using MYD and photoviscous techniques.    Quantitative tech- 
niques are demonstrated by Prados(o) for flow between parallel  channels, 

converging and diverging sections and flow about a cylindrical obstacle 

in a rectangular flow channel.    The quantitative measurements  require 

point by point numerical integration and correction for the misalign- 
ment between the  shear direction and the optical axis of the MYD 
solution.    The procedure is moderately complex and laboridB particu- 

larly for the more complex flow patterns found around obstacles.    The 

quantitative photoviscous technique applies to two-dimensional, laminar 
flow only. 

PHOTOVISCOUS INVESTIGATION OF FLUID STATE DEVICES 

The photoviscous flow visualization techniques are very well 

suited to the general two-dimensional  flow fields encountered in fluid 

state devices.    Quantitative  results,  such as velocity profiles,  are 

obtainable from photoviscous  studies  using a moderately complex pro^ 
cedure and close  control on solution concentration and temperature. 

In the study of fluid state devices, the major advantages offered by 
photoviscous  flow  visualization are  realised in the simple  semi- 
quantitativc  study of dynamic  flow changes.    Photoviscous flow 
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visualization allows the operation of closed units at or  near design 

condition, thus dynamic pe r iormance details may be directly observed 

or photographed.    The following   selected examples  of flow patterns are 

shown as typical  of results obtainable with a minimal  optical  system. 

TEST SETUP 

The   schematic  of the ,est   setup is  shown in   Eigare   3.     White light 

was used for all visualization tests,  because the  color  fringes provided 

a  stronger visual  contrast.    Polaroid  sheets were  used both for the 

polarizer and analyzer.    During the experiments the  use of polaroid eye 

glasses was found to be a convenient expediency to examine three- 

dimensional flow patterns,  such as the vortex chamber outlet flow. 

The lack of optical  alignment was not  seriously affecting the examina- 

tion of the flow quality in this case. 

The fluid system included a pressurized supply tank, an open 

drain container, two liquid pressure  regulators and the  required valving 
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Figure   3  -   Photoviscous  Experiment Setup -  Schematic 
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Both Kodachrome II Photoflood, and Ektachrome  Photoflood color 

films were used with equal  success to take   16mm movies.    The expo- 
sure of the film was established for the various light intensity conditionb 

using still color pictures taken with  Polaroid color film and correcting 
the exposure for the differences  in film  speeds. 

PREPARATION OF THE MILLING YELLOW DYE 

The MYD solution was prepared as described by  Peebles, et.al.*      ' 

Powder form of the dye of commercial Milling  Yellow Dye, MYNGS, 

purchased from Allied Chemical Corporation, was mixed with distilled 

wafer to give a one percent solution by dry weight.    The  solution then 

Aas boiled until a dye concentration of about  1.4 percent was  reached. 
The birefringence of the slowly cooled solution was tested by inserting 

a sample between crossed polarizers and checking for interference by 

gently stirring the liquid. 

The viscosity of the prepared MYD solution is similar to that of 
Mil  5606 hydraulic  oil, thus pressure and flow conditions existing in 

hydraulic systems will be nearly duplicated in the photoviscous flow 

visualization tests. 

TEST RESULTS 

Flow visualizations were conducted on proportional jet ampli- 

fiers, jet-on-jet bistable elements with straight and cupped    splitter 

designt  and vortex chambers of several different configurations.    The 

use of white light for illumination, and the lack of light transmission 

of the MYD solution in the blue spectral zone gives the same order of 

fringes as  reported by Thurston'^): 

Fringe Ord 
0 

er Color 

Black 

1 Yellow 

2 Red 

} Green 

4 Yellow 

5 Red 

6 Green, etc . 
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Typical fringe patterns observed in a plastic  proportional jet  amplifier 

are  shown in Figure  4.    The  control pressure  applied to the  left port 

is gradually increased from frame (a) through (d).    The two  large  area 

vents were unrestricted but not  submerged.    In frame  (a), the  flow  leaving 

the   vents was nearly   zero; however, there   is   strong evidence  of circula- 

tion and vortex formation  in the  vent  zones  adjacent to the    'free  path ' 

of the  power jet     Interation of the  recirculating flow with the   power jet 

Figure  4  -   Effect of Single Control  Input   on the   Flow Pattern of a 

Proportional Jet Amplifier.    Powa-r Nozzle 0.020  inch 

(o) BOTH CONTROL 
JETS FLOWING 

(b) SINGLE CONTROL 
JET FLOWING 

Figure 5   -   Reduction of Vent  Turbulence  Through Flow Issuing 

from  Both Control  Jets 
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results  in noise and instability of the power jet.    Under certain conditions 
the turbulent flow may be eliminated, as  shown in  Figure  5.    The  flow 

provided by both of the control jets  "washes away" the turbulence in the 
vent  zone.    The elimination of the turbulence   reduced the  random  pres- 
sure fluctuation, or noise,  in the two output legs. 

The  flow pattern during a  switching transient of a jet-on-jet flip- 

flop is  shown in Figure  6.    The dark "brush" near the power jet is the 

high velocity core of the power jet, and indicates a zero order fringe. 
The device operated totally submerged.    The low velocity, laminar 

entrainment flow is evident  in both the vent  region and the low pressure 

output leg.    The turbulent flow in the high pressure output leg is bright 
yellow.    The power  flow  switch is  completed between the  frames.    The 

following frames indicate the  slower e   'iblishment of the entrainment 

flow in the opposite leg. 

The flow pattern of a  flip-flop with a  "cusp" type  splitter is  shown 

in  Figure  7.    The  "memory" of this type of unit is normally much 
greater than the memory of units with a straight  i plitter design.    This 

difference in the strength of attachment is very noticeable at lower 

supply pressures.    The  flow in  Figure  7 is essentially in the laminar 
flow  range.    The transfer of the attachment is aided by the splitter 

"cusp". 

Figure 8 shows the flow condition in the  chamber of a vortex 

valve  in radial and vortex flow pattern.    The vortex valve had the tan- 

gential,  or control flow,  injected at a single location, and the asymmetry 

of the flow pattern is noticeable. 

The effectiveness of control  flow injection in vortex chambers 

is  shown in  Figure 9.    This particular vortex valve has four control 

injectors and a large number of radial supply ports.    The  radial flow 

pattern is very uniform.    At  slight tangential bias,  the low velocity 
control jets do not reach the complete circumference of the vortex 

chamber,  and segments of straight  radial flow are in evidence.    At 

larger control pressures,  the vortex flow covers the complete chamber. 

Mow turbulence is  in evidence at the mixing of the  radial and tan- 

gential flow  regions. 

A  similar  sequence  is  shown in Figure   10,  but  the mixing  region 

between radial and tangential flow is modified to reduce the turbulence 

level.    Significant improvement  is evident  in the  reduction of the  strong 

eddies visible  in  vigure 9.    It may be seen, that if the efficient operation 
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Figure 8  -   Radial and Vortex Flow  Pattern  in a  Vortex  Valve 

IA0UIK0W UIGHT (INCENTIAl BIAS SIGNIFICANT UNG(N TIAI BIAS 

Figure 9 -   Vortex Chamber Flow Pattern with Four  Tangential Jets 

• ./£ 
■k ■ '.■'"'-        '"■.' . ■•■■ 

RAOIAl F10W SLIGHT TANGENTIAL BIAS SIGNIFICANT TANGENTIAL BIAS 

Figure  10      Turbulence Reduction in a Vortex Chamber with 
Redesigned Zone 
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of the vortex  v^lve  at low vorticity \8  important, addjt»onai tangential 
j*tfl  are required to cover the circumference of the vortex chamber 

shown. 

The above  examples were  selected to illustrate the application of 
photoviscous  flow visualization to a few of the typical two-dimensional 

flow  situations observed in fluid  state devices.    The  simple qualitative 

examples indicate how the technique may be used to analyze  3 nd further 

the understanding of noise and turbulence propagation within fluid  state 

units.    The photoviscous flow visualization ma/ be extended in this field 
by the addition of high speed motion picture photography.    In particular 

instances, it may be desirable to extend the technique to quantitative 

analysis of the velocity distributions as described in  references cited. 

Particular dynamic  flow condition may be investigated using photo- 

electric transducers to record light  intensity fluctuations at a point of 
particular interest.('"'   The examples of photoviscous fiow visualization 

highlight a  very  simple and powerful method complementing other flow 

visualization techniques!'') used in th." fluid amplifier field 
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TWO   DIMENSIONAL TURBULENCL  AMPUTIER 

I .     Introduction 

Large  and  complex   logic   circuits   use  considerable   power.     The 
power   consumption  can   be   minimized   by  reducing   the   power  consump- 
tion   per   stage,   and  the   number  of   stages.     One  way to  achieve  these 
goals   is   to  use   turbulence   amplifiers,   with  their   low  flow  rates   and 
low   pov/er  jet   pressures,   and   their  ability  to accept  a   large   number  of 
inputs   without   interaction. 

Heretofore,   turbulence   amplifiers   have   been   manufactured   in 
three-dimensional  configurations,   requiring   e'aborate   interconnecting 
manifolds   of  tubing  when  assembled   into   logic   packages.     Reliability 
consideraticns   dictate   an   integrated   structure  for  use   in   military 
equipment.     In  order  to  demonstrate   the  feasibility  of  using   turbulence 
amplifiers   in   military   structures,   with  the  attendant   savings   in   power 
and  circuit  complexity,   it   is   necessary to  produce  the  same   "solid 
state"   manifolds  as   is   used  by  jet  deflection  and  boundary  effect 
amplifier circuits . 

This report   describes   the  development   and  demonstration  of  a 
turbulence   amplifier   "and"   gate   in   "optiform". 
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II.   Principles   of   Furbulenco  Amplifiers 

A.      Bd.jic   Operdtion   of   Turbulence   Amplifiei 

The  Turbulence  Ar-phficr   opt'idtes   by   u-;inj   a  control   ugnal   to 
bWitc h   a   power    jet   from   a   laminar   flow   concition   to   a   turbulent   flow 
condition.      The   power   jet   issues   !:om   a   power   nozzle   as   a   laminar 
Jet,   and   impinges   upon   a   receiving   aperture     while   still   laminar 
when   it   is   undisturbed.     In such  a   condition,   considerable   pressure 
can   be   recovered. 

When  an   appropriate   input   signal   appears,   near   the   power 
nozzle  exit,   the   jet   will   become   turbulent   before   reaching   the   re- 
ceiving  aperture   .     Since  the   spread  rate   of   a   turbulent   jet   is   much 
greater  than  that   of   a   laminar   jet,   a   considerable   reduction   in   out- 
put   pressure  will   be   experienced.     The  relationship  between   input 
pressure   and  outuut   pressure   is   shown   in   Figure   1,   for   thj   general 
class   of  Turbulence  Amplifiers. 

B Amplification   in  the   Boundary  Laver 

The   boundary   layer   surrounding   the   immersed   jets   used   in 
Turbulence Amplifiers  can attenuate  or  amplify any  instabilities 
existing   in   it,     depending   on  the   Reynolos   Number  of   the   jet.     The 
amplification and attenuation   regions  are   separated  by  a  neutral 
stability  curve.     r ne  example   of     uch  a   curve   is   shown   in   Figure   2 

This   curve   indicates   a   critical  Reynolds   Number  of  five   for 
amplification   in   a   jet   far  fiom   the   source   nozzle.     Further   discus- 
sion  of  this   curve,   and   the   significance   of   Reynolds   Number   is 
given  below. 

C.     Transition   to   Turbulence 

The   amplification  mechanism  exists   in  the   boundary   layer. 
The   signal  whicn   is   cimphfied   is   a   dist   rbance   in  a     pseudostable 
boundary   layer.     The   boundary   layer   grows   at   the   expense   of   the 
regions   immediately   around   it .     When   disturbances   in  the   boundary 
layer  are  of   the   size   of   the   layer,   it   is   turbulent.     Such  turbulent 
boundary   layers   grow  very   rapidly,   quickly  consuming   the   laminar 
jets  they  are  associated with,   so that  the  entire   laminar  jet   is 
carried   into  turbulence.     Since  the   laminar  boundary   layer   grows 
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quickly,   the   jet   transition   is   rapid.     Once   turbulent,   the   jet    :i,- 
sipates   its   energy   in  the   immersing   medium.     Transition   to  turbu- 
lence  of   the   jet   is  closely  controlled   ry  the  character  of   the 
boundary   layer.     In  turn,   boundary   layer   transitions   depend     on 
initial   disturbance   size     and   boundary   layer   gain.     Since   the    jam 
in the  turbulerce amplifier   mechanism   is   very   large,    -mall   varia- 
tions   in  disturbance   signals   can   significantly   alter   the   )ct   transi- 
tion   point.     Since  any   real  fluid  will   have   a   small     but   finite 
variation   in   local   properties,   it   must   be  anticipated  that   the   trans- 
ition   point  will  move   relative to  the   power   nozzle   in   the   x- iirection. 
Only  the   most   closely  controlled   let   flows   and   input   signal   levels 
can   reduce   this   transition   noise,   which  appears   as   an   equivalent 
input   noise . 

D.     The  Significance   of   Reynolcis   Number  for  Turbulence  Amplifiers 

The   existence   of  a   Reynolds   Number  dependent   neutral 
stability  curvp   has   already   been   mentioned  earlier.     The   meaning 
of  Reynolds   Number  in  connection  with  turbulence  amplifiers   re- 
quires   some  clarification. 

Vxd In   pipe  flows,   Reynolds   Number  is   given   by  Re^——   vvhere 

^     is   the    free   stream  velocity,   d   is   the   pipe   diameter,   and 0    is 
kinematic  viscosity  of   the   fluid.     A  critical   Reynolds   Number   has 
been  shown  by  experiment  as   high as   2300.     This   means   that  with 
great  care  a   stable  laminar  flow  can  be  made  to exist  at  Reynolds 
Numbers   up  to  this   value,   in   pipes. 

As   soon  as  the   jet   leaves  the   pipe,   however,   this   simplicity 
disappears.     The  jet  is   spreading  and the  velocity  's  decreasing. 
Assuming   a   constant   momentum   flow,   M,   then     M   = ^AV   -       ^ d     yi 

o r V   =   M   4 ^ d2 

R     =   YiL. 4   M   o     x   _d_    =   -i^-     x 
c     b s - d2      :>       -s^ 

The   implication  is   that  the   Reynolds   number  drops  as  the   jet  ex- 
pands . 

Unfortunately,   this   simple   picture   is   not   sufficient.     For 
slow  expansion   rates,   such  as   for   laminar  jets,   small  changes   in 
Reynolds   Number  should  be  anticipated.     For   large  rates   of  change 
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in   jet   width,   the   radial  velocity  component   becomes   .significant, 
and  quickly  drives   the   jet   into  turbulence.     It   seems   that  tnc 
critical  Reynolds   Number   must   depend   sharply   on   nozzle   design, 
and   in  fact   very   low   Reynolds   Number  flow  from   short   nozzles 
can   produce  turbulent  flow  a   short   distance  from   the   nozzle  exit 

III .     Design 

The  Turbulence  Amplifier   design   must   take   into  account   a 
number  of  factors,   related to the  discussion  above.     This   section 
discusses   some   of  the   design  considerations . 

A. Nozzle  Design 

A  high  gain  amplifier  must  be  operated  close  to the  critical 
Reynolds   Number  for   pipe,   with  the   receiving   aperture   adjusted   in 
distance   from   the   power   r.ozzle  as   required   by  the   zero   signal 
transition  point.     Unless   sufficient   pipe   length  is  allowed  leading 
to the   power  nozzle,   laminar flow will  not  be  achieved  prior  to 
the   power nozzle  exit,   and  an  earlier transition  to turbulence  will 
be  experienced,   with a  resulting   lower amplifier  gain.     If  rules 
for fully  developed  laminar flow  in  pipes   is  followed,   then  a  good 
amplifier will  result.     A  further difficulty  may  arise  with a   short 
nozzle  design;     a  unit which  has  a   small  separation  between  nozzle 
and  receiver.     The  rapid  rate  of   spreading  of  a  turbulent  jet  may 
not  completely  eliminate  the   power  jet  core.     As   a  consequence, 
the  minimum  outlet  pressure   in  the  turbulent   state  will  remain 
higher,   producing  a   less   satisfactory amplifier. 

When  high gain  is   not  critical,   then considerable   power can 
be   saved  by  reducing  the   power nozzle   length.     If  operation  at 
very  low  power  levels   is   most  important,   low  gain  staged  units 
may  be  more  economical. 

B. Receiver Configuration 

The   receiving  aperture   should   have   an  area   about   the   size   of 
the   power nozzle.     Also,   as   much  open   space  as feasible   must   be 
provided  on  all  sides  of  the  receiver to  permit  easy  exit  of  flow 
which  is   not  captured.     Venting   near the  receiver  is   mandatory. 
Any  resistance   in  this  area  reduces  the  effective  flow  rate,   re- 
ducing  gain,   and  increasing   power  consumption. 
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C .     Control Nozzles 

The   purpose  of  the   control   nozzle  is   to  deliver a  turbulent 
flow  to  the   power  jet   near  the   power  nozzle   exit,   with  a   minimum 
of   power  consumption.     The   simplest  way  to  assure  this   is   to  use 
a   very   short  control  nozzle,   allow  the  control   jet   to  spread 
rapidly  to the  power  jet  thickness,   and  use  as   small a  nozzle  as 
is   consistent  with  available  recovered   pressure,   and  fan-out  re- 
quirements . 

Because   power consumption  in  a  nozzle  for  a given  Reyi olas 
number  rises   as   the   required  driving   pressure   goes   up,   it   seems 
reasonab J to use   large,   low  pressure  nozzles   at  very  low flow 
rates  where  possible.     A  pressure  amplification  of  ten   (10)  is  well 
within  the  state  of the  art  today in  Turbulence  Amplifiers,   so that 
larcpr,   low  pressure  models  can  be  used  where   space  permits. 

D.     Steady State   Matching 

The  turbulence  amplifier as  a  digital circuit  element  can  be 
matched  to a   load  in  the  following  manner. 

Elaborating  on  the  characteristic  curve  of  Figure   I,   a   series 
of  curves  are   plotted  which  give the   pressure  output  of  the  element 
with the  output connected  to one,   two,   or more controls  or  sub- 
sequent  units,     as   shown   in  Figure   4. 

For purposes  of  an  example  a  similar  unit  with a   single  out- 
put   is   to  be  used  as  the   load   (the   second  stage) .       The charac- 
teristic  of  this  unit  is   plotted with  its  output  as   the  abscissa  and 
the   input  as the  ordinate,   the  reverse  of  the  above. 

These  two characteristics  are   superimposed  in  Figure   6   . 
The  operating  points   are  determined  as  follows:    Assume  a  fan-out 
of   I.     A control  pressure   Pa  is  applied  to the  control  of the  first 
unit.     The  output  of  the  first  unit  is  Px.     The   signal  Px  is  the 
control  pressure  for the   second  stage.     The   second  stage,   with  a 
fan-out  of  1 will  have  an  output  of  i y   .     Continued  iteration  of 
this   process  reveals  the  crossover  point  is  the  eventual  operat.ng 
point  of  a  cascade  of elements. 

A  similar  process   can  be  repeated  for a  control  signal  of  a 
pressure  greater than  for the   pseudostable   point  shown.     This  will 
show the  operating   point  to  be  the  right   hand  crossover. 

370 



CIND 

\ 
\ 

\ 

\ 

^ ^Q   sr/iae 

F/^aes   S 

ft,/* 

n /^f-jcq r//s/ et   POSN T 

PO/NT 

OPSe^TIHti 
POINT 

^f       Pa 
P0     ZAJD     ^T^E 

371 



Continuirvi   with  the   example   shown   in   Figure   b,   a  fan-out 
of   3   has   only  one  crossover   ana  therefore   only   one  operating 
point.      It   is   not   bistable   in  all  cascade   conditions.     However, 
the   lack   of  three   crossovers   does   not   preclude   its   use,   if   used 
with   discretion. 

In   conclusion,   superimposing  the   second   stage  and  first 
stage   relationships   shows   the   sequence  of   steady-state   operating 
conditions,   and  an  input   for   psejdostability.     The   process   can 
oe   expanded  to   superimpose   curves   for  fan-outs   in  both  planes 
to  effect   u   universal   design   chart.     It   is   also   possible  to  plot 
the   input   outpu'   characteristics   of  the  element   for  a   variety  of 
output   load orifices   so  that   the  designer can  draw  in a  specific 
load   condition   if   it   is   relatable  to an  equivalent   orifice. 

IV.      Experiments 

A,        As  a  demonstration  of  the  turbulence  amplifier in  a flat  con^ 
figuration,   an     "And"   gate  was  designed  and  constructed.     The 
silhouette  is   shown  in   Figure   7,   and a  photograph  in  Figure   8. 

The  P+  manifold   supplies   power  to the   nozzles  of  the  three 
amplifiers.     The  input   signals  are  applied  at   Pcl  and  Pc2 .     The 
output   signal  is  on only   if   both  Pcj and  P   y  are  on •     ^ eithei   is 
removed, the   output  of  that   amplifier  increases   sufficiently  to 
effect   turbulence  in  amplifier  3,   turning   its   output  off. 

Taole   1 gives  the   results  of  tests  of  the   amplifiers   shown 
at   supply   pressures   of   0.4   to   .75   inches   of   water.     The 
associated   power  flow  and   the  output   pressure   for  the  on  and 
off   conditions  are  given  for  each test.     The   ratio   shown  is  the 
ratio  of these   pressures   which  is  given  as  a   measure  of  peiform- 
ance. The   power  dissipated   per  stage   is   as   low  as   1.4. 
milliwatts .     The  data   of   Table  I   is   plotted   in   Figure   9. 

Table  1 

p+ .75 .70 .65 .60 .55 .40 in   H2O 
0 + 1 .35 1 .30 1.25 1.20 1.10 .90 in3/SEC 
Off .12 .10 .08 .08 .07 .04 in  H2O 
On .48 .50 2 . 55 .49 .44 .29 in   H2O 
Ratio 4 0 5.0 6.8 6.1 6.3 7.2 
Pwr . 4 07 3.67 3.26 2 .90 2.42 1.45 milliwatts 

Power  =  P ("HoO) g (IN3 SEC)  x 4.03   x lO-3 Watts 
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B.     A  test   was   pcrforn eel  to  dotermimj   the   maximum   nozzle 
Reynold's   number   which  would   allow   laminar   flow   between   the 
power  nozzle   and   the   output   nozzle   of   the   BEG   »17J2-2   turbu- 
lence  amplifier.      Figure llAis   a   diagram   of  the  test   apparatus. 
The   supply   pressure   (P-O  was   slowly   increased  and  the   output 
pressure   (Pn)   measured.      The     ontrol   jet   was   not   used In e 
tabulated   results   are   shown  below   and   a   graph   is   included   in 
Figure   10 . 

P^ 
(H20) 

po 
(PSIG) 

2 .U0 ).0038 
1.7 5 0.0032 
1 .50 0.002b 
1.25 0.0024 
1.00 0.0024 
0 . 7 5 0.002 8 
0.50 0.0020 

Supply   pressure  for   maximum   laminar  flow  was  found  to  be   0.75 
inches   of   H2O.     The   Reynold's   number   associated  with   such  a 
pressure   drop  through  the  control   nozzle   was   approximately   900. 

C.     An  experiment   was   performed  to  determine  the   character- 
istic  curves   for  a   #1732-2   turbulence   amplifier  at  a   supply   pres- 
sure  of   0.75   inches   of   H2O.     The   apparatus   diagram   is   shown 
in  Figure   HE .   The  control   pressure   (Pc)  was   varied  and   both   Pc 

and  P0 were  receded.     This  test  was   repeated with   loads   of 
1,   2,   and   3   control   nozzles   in   parallel.     The  tabulated   results 
are   shown   below  and   a   graph   is   included   in   Figure   12   and   13. 

Load 
Orif ices. 

Pc 
(PSIG) 

Po 

PSIG) 

Load 
(Orifices) 

Pc 
(PSIG) 

Po 

(PSIG) 

0 0.0026 2 0 0.001b 
0.005 0.0004 2 0.005 0.0002 
0.004 0.000b 2 0.004 0.0004 
0.003 0.00 12 2 0.003 0.000 7 

0.00 2 0.00 lb 2 0.002 0.0010 
0.001 0.0044 2 0.001 0.0022 
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L oa d Pc 
r 

(Orifices) (PSIG) (PSIG) 

3 Ü 0.0012 
3 0. 30 5 0.0002 

] C.0Ü4 G.OOOM 

3 0.0u3 0 .00Gb 

i 0.002 0.0008 
i 0.001 0.001b 

E.        An  experiment   was   performed   to  determine   the  operating   char- 
acteristics   of   the   ^1732-2   amplifier  constructed  without   the   center 
dump  hole.     This   si mphfication  would   resul:   in  a   reduction   in 
fabrication   time. 
Proper   supply   pressup    was   investigated   using   the   method   outlinee 
in  experiment   3.     The tabulated  results   are   shown  below   and   a 
graph  is   included   in   Figure   14 . 

P, P + 

(HzO) 
C) 

(H;.0) 

0.25 0.025 

0.50 0.050 
0.75 0.050 
1 .00 0.075 
1 .25 0.085 

1 .50 0.090 
1.75 0.1 10 
2 .00 0.140 

It   was   very   difficult   to  determine   the   value   of   P+ which  would 
caus-    the   air  flow  to   become   turbulent   at  the   output   nozzle. 
Characteristic   curves   were   determined   using   the   method   of   ex- 
periment  C.     The   tabulated   results   are   shown  below  and   a 
graph   is   included   in   Figure   15. 

P+   =  0.5 "H2O 

Pc 
(PSIG) 

Po 
(PSIG) 

0 0.00200 

0.00280 0.00035 
0.00210 0.00070 
0.00125 0.002b0 
0.00085 0.00250 

P+   -   o.C "H20 

Pc 
(PSIG) 

Po 
(PSIG) 

0 0 .00250 
0.0068 5 0.0003 5 
0.00500 0.00070 

0.00340 0.00140 
0.00240 0.00360 
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Th.      haraclcnstii    curvi;   o!   a   »1732-2   amplifier   with  t hu 
dump  hole   rut   aru:   cperatir. ;   at   P+        0.7'    ' HT'J   IS   sup^'rur.posod 
on   Fr-jurc   T .      Phis    iraph   shows   that   if    .omo     ic jrac^alion   in 
pcrformancL'   Ccin   bf   tolerat-'d,   the   dump   hoi«-   '.'■'■ i   not   bv   cu\ 
and  a    ;reat   Sd.'ir.'jb   in  fabrication   Mm*'   •■ \:\   bv   Tcö\i7vd. 

V .     Conclusion . 

This   wo: k   has   laici  the  foundations   for  circuit   design   in 
Flat   Forms   with   turbulence   amplifiers.     It   has   shown   a   direction 
to follow   for   more     rigorous eva iu at ion   of   the   basic   amplification 
mcchar,i-.m.     There   is   no  longer   doubt   that   the   flat   configuration 
can  provide   low   power  circuitry   using   turbulence  amplifiers.     The 
present   models   were   manufactured   using   tne     Optiform'    process. 
It   is  (blear   that   size   and   power  consumption   is   limited   only   by 
l^"   space   requirements   for   t..-   ^..    ..    ; .     Then,   i     strong   evi- 
dence   that   satisfactory   configurations   can  be   made   at   lower 
Reynolds   Number,   with  an  attendant   decrease   in   size.      For 
"NOR"   logic   with  two  input   limits,   considerable   leeway   is 
available   in   circuit   design  to   permit   low  gain  digital   amplifier 
operation,   again  with  a  consequent   size  reduction.     Note  that 
one   particular     And"   gate, for   which  data   is   presented,   was   op- 
erated  at power   jet   Reynolds   Numbers   of   approximately   100. 
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t'etur bout-r 
Lnc L.   Melz ;<_; 

Bov les Encjiaecring Coiporation 

A3STRAC i 

DiQiiai Do la Hdncling is cefir.ec es ine mcri;ou.läi.c.. o. ...... v. nco. 
daia in the form oi aiscrete level signals,  m ir.is cc~e,   ."'„:..  .'.. .:. 
signals.   On the oasis of this definition,  ^res<-r.: anc I^I^.X c... ..Ir-.cs 
arc construed, with me help of theoretical consicerüUo.u sap^c-ca «y 
test results.    Extreme ooundanes are placea upon speca capao.cities oy 
considerations   of   logic  requirements on one hand,   ana j.rcjectea Pure 
Fl'i'd element performance capaoilities on tne other hana. 

Expectations and means of practically feäsiole future speed im- 
provements   are  discussed,   such  as   element  ana  circuit  design, 
miniaturization ana power levels, pneumatic meaia , and logic circuit 
methous ,   with respect  to the  outlined  bouncanes .     Numerical aata 
handling applications suited to Pure Fluid circuit speea capaoilities 
are mentioned. 

The objective of the discussion,  to guiae present and future worK 
into realistic channels,  is recapitulated in the summary. 

INTRODUCTION 

The operation of Pure Fluid digital elements, i.e. aiscrete level 
switching elements and amplifiers,  in circuits ana systems,  has oeen 
loosely called "digital."   However, common usage of the word digital 
in this connection implies numerical aata handling, popularly identified 
with digital computers.    Conflict arises from tms loose definition when 
so-called digital performance capaoilities are quoteu which are applicaole 
to particular single elements under unspecified conaitions.    These 
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particular elenicnts may not. nccossanly oc ü.;le or even suppos* a 'o 
process numcncüi cato.    Sue. wronyly yonordlizcd outci,  oltcn ^oreii ring 
on,  nowev( r ^nmten'i.ondl,  rr.isrepresentätion,  may cdusu ^r.r.i-c- ssary 
proülems a; a idle stage ol work. 

Digital uata nandling speed capaoilitics or i^rc Fluici c.rc^itG are 
one of tne most mis^ncerr,tocc and at tn^   ian.u tm.e most impo.'.ant 
performance criteria.    Tms aiscussion d.n.b to sneo some Ugnt on these 
speea capabilities ana mtenas to encourage meaningful perforn.once 
specifications on one hana,  ana critical questioning of performance 
specifications on tne other nana,  witn respect to numerical cata pro- 
cessing with Pure Fluia circuits. 

DEriMTIOXS 

For the purpose of tnis discussion,   "Digital Data Hanclm;" is 
defined as the manipulation of information in form of discrett numerically 
defined values  (aigits), where  "manipulation" applies to fundamental 
arithmetic processes. 

Tnis definition precluaes the manipulation of cata in form of con- 
tinuously vanaole frequencies,  pulse widtns,  phase shifts,  etc.,  ana 
of course,  amplitudes, ev«. n thougn some ot such information nandling 
has oeen called digital.    So,  for example,  information contained as 
frequency in the continuously vanaole oscillation of a signal is not 
digital.    However,  the counting ot such oscillations in J digital countei 
oecomes a numerical operation,  particularly when such counts are 
further processed as discrete numerical values.    Nevertneless,  the 
original intormation coaed as a frequency or repetition rate is not recog- 
nizable in the counter until reference is made to,  for example,  units of 
time in compatiole numerical form. 

Tnese definitions become very important in tne consiccration of 
tne use of elements and circuits on the oasis ot tneir performance char- 
acteristics.    For example,  an clement or a circuit may well oe capaole 
of handling,  generating,  or oemg excited oy signals at frequencies 
orders of magnitude higher than the maximum cig.t rate at whicn tne same 
device is aole to process numerical intormation.    Alternately,  a device 
may oe aole to operate at very high signal frequencies,  out handle only 
narrow oandwidths. 
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These consicerations apply to any : /.SIL"., v.;...::.. r ■;,■     . .   ., -., 
electrical,  ulectr^MC ,  o: pLire Fluic.    Tn-, / ^u   ■ >:'.:< ".<■'.■/ .•:..    ;' : to 
Pure Fluid Digital Systerr.s ,   since rciutA'i'ly oroao .. -.u . . ...-.    ...v..: 
to oe utilized tw hancle error fiee cigit^z» J .niorrr.atior. to ^:.y   .•    .:- J 

accuracy,  ana oecause of relatively 1c     o; eratm; speec cc^.u. ...'.^JS 

which place many applications on the ooiücrline between leas..-.'.- ana 
not feasiole depending on tne state-of-t;.» —art. 

SP D  CAPA5i ] IT! PS 

This discussion is  limited to cigital e.ata 
Pure Fluid  (pneumatic) circuits,  as defined in tne preceding ..--.-ction. 

Propagation Delay - Cirjuits: 

The most important criterion witn respect to cäta nanaUr.»_   ..peed 
is the signal propagation time delay thiougn any i^ar: of ^ circ-.t, 
whether it is the delay in the smallest lengtn of a channel section, 
through a simple passive or active element,  or the aclay in a complex 
circuit or even a complete system. 

If truly parallel handling of inform.ition m digital (otm were possi- 
ble, which would preclude coding of any sort ana woulc represent fixea 
processing of arithmetic in a oaselesr, fashion,  only signal delays 
through the longest path would need consideration.    Furthermore,  if 
this extreme case is assumed LU operate in "open-loop" moae, even 
this propagation aelay may oe considered irrelevant to its spet a capa- 
bility.    Unfortunately,  this is an example of a virtually useless method 
of primitive aata processing,  analogous to,  for example,  aaaition of 
signals in lines, where each digital signal oelongs to one lino ana there 
are as many lines as there are signals,  i.e., a oaseless numuer system. 
Whereas such systems might oe aule to perform some arithmetic pro- 
cesses in a fixed unchangeaole fashion,  the/ cannot seriously oe 
considered to proviae arithmetic capaoihty, nor can they oe considered 
practical or economical.    However,  the mention of this theoretically 
extreme case clears the way to the discussion of practical system 
logic requirements and their effects on data handling speecs . 

In practice,  numerical information is almost always contained in 
coded form, whetner an artificial coc^ with aroitrarily assigned digit 
values or an orderly code with naturally ensuing digit values,  accoraing 
to some strict rules,  such as the commonly usea decimal positional 
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notation or the weli-^nown omäry code.    The resulting ccor.o.T.y .n sig- 
nal paths permits tne opera;, ^n of practical arithmetic ^roccjs.r. ; 
machines or digital computers,  as we all ^r.o'.v.    For tr.is :» asor.,  aigital 
handling of numerical aata inncrently results m necessary cros^- 
connections of,  pernaps,  otneiwise parallel ana inaepencent signal 
patns,  as well as  signal :e«_aoac^ to the same signal originating  line 
or to other lines  (feea^ac< in time only).    Figures  IA,   '.b , ana  1C show 
diagrams of simple circuits with such feeduack ond cross-connections. 

AlSv^, feeaoacK may already oe required for otner tnan antnmetic 
functions.    Practical systems necessarily contain a large n-umoer of 
cross-connections and feedback pa'hs providing  "CARkV" :   r example 
(see Fig.   IA) ,  to complete system teeaoacK initiatir.r; repetitive or 
other operatior.s through tne whole system.    Tne'.etore, practical 
systems ana circuits comprise many small loops one often operate as 
complete closed-loop systems.    The signal propagation delay "...me in 
the various  loops is a major criterion of the speec capaoihty c: ä 
system,  as ooviuusly no loop may accept a new signal until the original 
signal has propagated completely around the loop. 

Certain logical and arithmetical operations may oe performed in 
parallel or m series m time,  thus providing advantages of various panes, 
However,  truly parallel data handling in the strictest sense of tne wore 
does not provide arithmetic capability, as mentioned before. 

Propagation Delay - Flements: 

Considering a single Pure Fli id digital element,  such as an ampli- 
fier,  an OR/NOR gate,  an AXDgate, etc., as a fundamental ouildmg 
olock of any circuitry,  ana assuming,  for the sake of this argument, 
that no suucivis.on »nto smaller units wun individual specifiable cnar- 
actenstics is necessary,  oasic performance criteria may oe quoted for 
such a fundamental olock or element.    This applies to a   Live and 
passive elements.    However,  this discussion will limit itself to active 
elements  (powered devices providing a gain     ZT 1),  since they represent 
a majority of circuit components and usually provide higher overall 
circuit speeds and less propagation aelay. 

Elements,  as oescnoed,  suitaole for compatible operation in 
circuits    provide a varie*y of speed characteristics between inputs and 
outputs.    The signal propagation delay time through such an element is 
considered here as the speea criterion.    Measurements and theoretical 
considerations have shown a range of propagation delay times of the 
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utilizing iow pnss.-rL  ö.r as  ;;.•_  ,_;.•,rc-..:.; rr.cc.^rr. .:". size;   c   . .rr.^r. .r. 
tne present släte-of-tr.c-an.    Tr.o srr.üi.cr biZcs compr^hc c icrr.c r.:s wi 
nozz.es of several tr.ousijnair.s ot an ;ncn .n w.ctr, an:: r,«,. ;;.'. ,  wr.en 
power consumpt.on .s  stiii ri-ar^.r.o^le ,  cor:.püt.;jlf inti-rconr.« ctaoiuty 
is feasible w4tnout exct-ssive signal losses,   ana element sw.tcn.ng 
speeds do not yet sjflcr. 

0.2b rns delay i rr.s cetay 

G . 4 ms per aivisiori I ms per division 

Fig.  2 Propagation   Delay   Time   Measurements 

figure 2 snows two propagation delay time measurements through 
such typical amplifier  (logic) elements.    Delays of one quarter and one 
millisecond respectively an   incicated m these oscilloscope traces for 
different conditions.    However,  rise times oetween  i.S and 2.C milli- 
seconds are indicatea,   largely aue to nigh capacitance terminal cnannels 
Rise times of tne order of the propagation delay time arc Owtainaole witn 
suitaolc connecting channel cesign.    Tne measurements shown nere were 
aimed at propagation delays only. 

Size.  Power Level,  Fluic Meu.um: 

If tne length of the digital element from control nozzle to exit 
aperture is L,  then the time elapsed in signal transmission is L , 

V 
where V is the signal velocity.    ,\'o delaying effects as ice from transit 
delay are considered here.    Since the general digital circuit will involve 
feedback,  the feedoack will involve at least another L   delay, or a total 

V 
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^ 1     f2L delay of — This situation is illustratoa »r. f.^uru 3 

ZOO/5 

LENGTH    ZL 

LStJCTH 

EMEnT 

riQ. 3 

t ^ '. r.i ;.c .k.   .   '.  ';.a ' 

. r.cr t IJ   ■   ^     'y       . ^ j r. oo 

a i ;. i ■ ■'.' i u  .y /  .'T .. •.  ^ ' _.;, - 

/.;'._ r.  <j :. ;  G .        .  /' 

^ncrec: ■   ;  ■ . ;r.o !  :r<jns - 

rr.»      .   :. '.■ ■ •.    "11 y . 

J y way G !  . 11 „ s' r •_■' i on , 

elt-mfnt  .vr.icr. operatus 
<«....   a    - ^, [ ., ^ it T. .   ^ . A • • r 

: low .    3w.c;. or.    .■ rricn' 
nr. a y o«.   b c c . <_■ : . r. s i z (.,■ 
j y s»rr. L i c vj c ^i:. c'.r i c ö I 
Gca ling rj les . 

Thus,  if Vv' is the nozzle wiath,  the length may oe  15V. ,   :hc fercoack 
loop may be 3GVk   long,  and total delay will oe o ■ '-^   .     On tr.c  face of 

V 
it,  then, a reduction to 1/10 the nozzle width produces a decreas.   in 
loop delay to 1/10 its former value. 

The behavior of an element depends upon the natar*   of the flow 
within it.    In order to maintain similarity of benavior,   the smaller ele- 
ment should be operated at the Keynold's Numoer of its  larger counter- 
part.    This imposes a new condition,  that V >. \V     remain constant. 

Recall that a minimum Reynold's Numoer for assured turoulent pipe flow 
is 2300.    Applying this criterion to element operation,  the delay now .s 
6 0Vv' or     faOW2 

Re^ 
where only W,  the nozzle w.idth is a vanaole 

W 

The power consumea oy elements operating in a dynamically 
similar fasnion can oe calculated as follows: 

The power is P x 0, wnere F is the aynamic pressure,  or 
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2 

; 

ratio. 

^     V   ,  and Q is the volume flow rate, or 0 - AV.    Furir.er,  the 

area A is related to the nozzle width by A - KW^ where K is tne aspect 

Now , 

P x 0 = 
1 2 
2    J 

l-   \     KW2 V3 

At constant Reynold's Number, Re 
V x W 

; 

V = 
0   K, 

w and   Vv ^  3 Re: 

W3 

Now p x 0 =   J   \    KW2 

C =     ^-^    K   ^ 3 

^ 3 Rc3 

W3 
3 1 

=   CHe     •     —   ,  where 

Thus,  the power consumed by a group of dynamically similar ele- 
ments varies inversely as the nozzle width.    The situation :s illustrated 
m Figure 4.     This figure illustrates an inescapable fact;     tne price of 
speed is power. 

Suppose, now, that a particular element configuration is made to 
operate faster by increasing the fluid velocity only. 
In this case 

PxO=  \ ? KW2 V3 

Here the Reynold's Numoer is allowed to change.    For such an element 
the power/time delay relationship is illustrated in Figure S.    Here the 
price jf increased response is again a considerable Increase in power 
consumed. 
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The QDOVO illustration, Fig, 5, cssurr.es flow propav^öt.on, O.'.G 

no acoustic signal propagation. If elerr.ents operating w^Lh acoustic 
signals are used, then the time oelay will oe        -'-. , where C is 

C - V 
the acoustic velocity.    For sue.", elements, of course,  the velocity V 
must be established by other considerations one cannot ce freely chosen 
Nonetheless, for subsonic flows,  improvedtime delays are possible with 
no increase in pneumatic power consumption. 
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The use of other geses than air can ce justifiea if decrf-äscd 
viscous  losses,  decreased inertia,  or increased acoustic velocity arc- 
made available.    Thas,  the power consumption for a series of scaled 
models at constant Reynold's Numoer discussed uarher car. üC de- 
creased consideraoly,  since the power consumcc d-penu:   ^n   • - 
where    ^      is density, ana    ^     is kinematic viscosity.     '..<.   t.mc ^elay 
with decreased is increased,  out only as the first pe/  . . ,  .,o tnat a 
net advantage is acmeved.    The dynamic pressure P    is proportional to 
density     ^        so tnat a less dense gas will allow higher velocities at 
the same pressure,   leading to higher operating speed witn morv   modest 
increases in powtir levels.    Thus,   low viscosity and density arc very 
helpful.    Finally,  by using gases which support a higher acou^t^c 
velocity,  the power losses  involved in supersonic flow arc avoieed 
until higher speeds are reached,  again leading to improved efr'ic.encies 
at higher speeds.    One corollary of such thinking is that the sa.Te gas 
at lower static pressure leads to improved performance. 

Speed Criteria: 

From the preceding discussions, we can see the vari   is data 
handling speed criteria. 

1. Element switching anu returning time or output signal r^ ■   and 
fall time^espectively (including signal qualities ,  such as 
noise , jitter,  etc .). 

2. Element signal propagation delay ame. 

3. Circuit signal propagation delay time. 

4. Effects of feedoack loops (including feedback in time). 

For obvious reasons,  elements will not pass data fee to tr.em faster 
than switching and returning times will permit,  since switching and re- 
turning will not occur or occur only incomplete ly  (lowered gam). 

Element signal propagation delay times determine the maximum 
rate at which signals may be fed back,  since a loop may not accej L a 
new signal until the original one has propagated completely around the 
loop. 
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Circuits enj cGm^leie syctc.T.i: c    :    : 
and loops witr.ir. .^^ps,  ana c;rc^/. ^ro; o ;ci.on 
con.putcd from ihe aoläy lur.ei :r., 
opcratca in c 1 ocod 1 uop m0..ncr, 
time  {Information process .r.cj :I;T.>,1  .;- L- ::;,.:. 
hanaung rate of '.;.'-   system,  fvji  :.*.•     _::.•■ r^ ;.,   r,..  u 
elements äno feeaL-äCK loops. 

j ■ • 

a 

1 '; 
-     '. 

A simple examplo will clarify 
1'igure 13, a flip-flop may ^r may no: a: ;■ p; a:. 
ticular input, doponcing on the biatc 
is fed oacN to inniuit □  jatc  ^1 :;, 
signal must havu passea throj-;:, '.he   jot^ 
loop and into the   jate ajair. ..L:^'«   ".r.i   ..■ >.'.     . jn^i . ~ v;.;:     ".        .    ..■   . 
at the gate ^nput.    Thcr» for.-,  tr.c co.-;.; 1. •.   .__,;    ;■ .^y .    u.. .. ;;..n.- 
mum time period oct'.vuer. s^cc'  :si7e .,,;:.a. ;^.     . .    .".    .:■    1.'     ..    ..   _•;. 
example of a feedoacfi which could oe cail' u  ".n ;.;;.>     :..■        an . wni. n 
has exactly the san.e effect.    1'.  is th«      rj;-..-/.V" :.. , .■      :.• *■■  ...   - 
parallel accer circuit,    k correct output Sijr.ul (.;. '.;.e ;<..., ■..u...     joce) 
is not availaole until the lowest significonc'   addi ;  ;.a.    ;> :«;...    :  .ts 
output signals,  has fed bac< any CAKKY to the next n. ;:.' :  : . ■:..:.cance 
adder,  and so on, until all CARRY s.gnals r.aVL  Lucn pice-' .: L ..    There- 
fore,  this feedoacK for each individual CAKKY .:. equivalen" ; . - fuedoaC< 
to the input of the adder,  and the operation is performea £• r.a..y.    As a 
result,  tne total propagation delay time is the sum of all loop celays one 
no new signal should oe accepted until correct output (sum) oecon.es 
available after this oelay time. 

Boundaries: 

Extreme ooundanes may oe placed upon Pure Fluid digital data 
handling speeds oasod on tne discussed criteria . 

We are postulating an imaginary miniaturized circu.t clement, 
comprising a single feodoacK path of length 0. I  inches and a signal 
path length through this element of 0.u33 incnes.    Furtner,  let us 
assume that s'gnals propagate at the speed of sound m a.r (13.3 inches 
per millisecond) throughout the complete loop of a total length of ü.i33 
inches  (= circular loop of 0.G43" dia.).    This would result in a total aola, 
time of 10 microseconds.    For a clarification,   let us assume that the feed 
back loop is the internal feedoack (oounaury layer effect) of a flip-flop 
which ensures bistable operations (see F^g.  6). 
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Fig.  G 

INTERNAL 
rETDBACK 

The totüi ru-löy time ^f  IC 
microsecor.ds rr.eär.i; '.hat an 
input pulst- nr.ubt oc et leäst 
10 m i 'j r o s < (    .. :.   '•". i a i   '. j 
assure oustu: ...'.y.    i'urtr.er- 
rriüfe ,   : ir..' ■       .   ,.^ . ; .   > 
ana lull  t .n.i ..   ■ .c'.'>    '.o ^e 
considoreü.    As .:.■ r.tioned 
eoi iier,   th. M   :.::.■     coula 
be of the rr.u   ; .:   u     : i ".ne 
switching ac.u> ■..;:,   ,  and 
we will ass^ ::.•     ..   :.. '.O 
increase the ovir^.. p^lse 
width (SC •, or.-i ..   . .■ ) to a 
minimum ol 2ü m.c. ^.seconds 

This means that discrete information Dits cannot be proccssec luster man 
one per 20 microseconds or at a maximum rdte of ^0,000 bits per second 
via such an imaginary element. 

Let us now take a look at the next significant circuit component. 
Typical subcircuits, as shown for example in Figures  13 or IC, con- 
taining a simple external feedback loop over one or two elements, 
drastically decrease the acceptable bit rate.    For example,  the single 
input flip-flop circuit with three elements  (Fig.   IB) accepts or. .nput 
pulse of 20 microseconds width at one of its gates.    After an assumed 
10 microseconds  (element propagation delay), this signal appears at 
the gate output.    From there it has to be propagated through c cnannel 
to the flip-flop input.    The flip-flop again causes a  10-microsccond 
delay before the signal apoears a* its output.    From there,  it is fed Oc-c< 
to the ga'e input through a cnannel.    If wo again ass'ime a suo-mmic^ure 
construction with both connecting channels (feedback loop) of 0.133 
inches long each, or a total of 0.266 inches, we obtain a delay time o: 
20 microseconds plus another 20 microseconds through the two elements. 
Obviously,   this subcircuit may not accept the next signal until the first 
20-microsecond pulse nas been processed (passed wholly arouna the 
loop), which takes a total of 40 microseconds.   Therefore,  such a cir- 
cuit must be fed with pulses of a minimum of 20 microsecond width, 
and it will not accept such signals faster than at 40 microsecond 
intervals, or at rates of 25,000 Dits per second. 

Figure 1A shows a typical data processing circuit,  a parallel 
adder, where each block can represent for the simplest case a oinary 
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'THREE IN'PUT ADDER, " cor/cir..:.; t t  .. ,.   •  •   :   •   c   "... 
scries to perform .:s *L.r.ci.w:..    'J   .:...:,:;    .....   ■:. 
ä'. octGr'_•,  ufio sp<_■ co C/i  . ^'^;,'j (.r. a.r), 
seconcs delay ir.roujr, Lucr, -J c»;c^.'..    i. ... ,  o ■  .■.■•:' 
ävdilö; 1c ätlt'i i:..s 1,1;.L   o'.  .'s ou".; u'..    /■.:'.' :  ;.;■.:.'.■  ■ 
(C. 6 mchtfO,   tr.is CAiRRY ... ;:;ui r< oc;.i :   ;..■   .:.;   .'.  '     '.: 
for ;.-,o r.ext hi.jr.or sitjnif.cunci   c.;.:.     "• ;o"cl     :   . . 0 : 
eläpbt's for me passage  01 a  JARRY lor o ..;. ;.«_■  . to ;i . 
mu llipliL'd oy the num^f.'r of oinary jii :.:.   n   -^.r. c .:, " ; 
operation of th;s c.rc..t.    I: VJV öss^rr.e   jn u■.■• :^ ;■      : 
we can say that ine total t;rr..j :.j\ ; r.c r.^.'r.Li.   01 o^ ./.. 
circuit to oe compluluo will oe  lS4u .'.'..^r^.A^ or. ..   (i-i 
This means that only after tms t.rr.c w;ll ;:..   r,J.T, . ■   e 
puts,  and a new parallel mp^t of o number ni^si not ;.> 
until the last CARRY r.as ^^«.n procerseo ot  .<   ;   t :   ;  u 
seconds, jivir.cj a m.nirr.u.r. 'ITU   .,• '.v..,. :. r^c.;.   ..,.■■■ 
milliseconds.    TMS .S equivalent to c mux.m^n. proc.'. 
numoers or paraUel oils per second (ur mat many o 1 ir 

1 ■ 

f. s 

■t.n 

f-t L« • 

A complete aigital data hanalin.j . ys'.err. fo: > ven si:.; 1.   ■*. 
entails a considerable numocr oi circuits of the ore r D\ ;... 
aoove, where ail interconnections cannot .^u u.. short u,.  t:..   .   ■:. 
given,  and where feeaoack signals Detween Circuits onv: : JO. 

result m still larger delay loops.    Furthermore,   suco ssivv.   ;; ,   tt 
input data often depend on the results 01 the prececing prcc' . 
data,   such that the complete system forms a fecaooCK, loo;-  to. . '..-..■r 
with external components.    Thus,  jr.c might consicer a sn.oll ../V^-net. 
cal system of, for example,  ten suocircuits m series  (could ^Iso mean 
repetitive circuit processes) with ciata nenchng rates as   ;iVi.r. a.  yve , 
and consiaer it a closec loop containing en external componcn: ^. lay ; 
the order of the system aelay.    Such a system coula hanclc cictc at 
maximum rates of approximately 33 input signals per secona Uutc pro- 
cessing time of 30 milliseconds). 

Considering that a ratio of one to a m.lli^n exists Octwe   r. t.-.e 
signal propagation velocit.es m air and electrical Signal propagation 
velocities in conductors,  r. c^ulc DC po.ntca o^t that a IS oit oucit.on 
time in a fluid circuit of 1.,   nulhseconcs mignt ^e analogous  .a a  .5 
bit addition time of 1 . 5 nanoseconds in an electronic circuit,  whicr. is 
not exactly current practice yet.    Current electronic computati. n times 
for addition are at least three to four orders of magnitude longer than 

this. 
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wr.cr. :'; <. e r-   ;..:■   ; ,.'.■. :^äi     ; ■ .;:...■• 

i n ■ J   -• i '' ■    1 C 3 iC J i ö ' .    .'.      ü r i        ,.':.'  '•'. ;, o '   :. 

i-roj-a'j ä * <_• »Ti au c .'.o i .r.',,'1;" o r. ; ; oiiir^loi 

äole ,   etc .     :;   w» 'vei ,   '. r.c  ^ ., L .^  . ::..i ;.:,ai 
äna illur.iir.d'.c t;.o pro^leri!    ".^ .,•   coas* 

.<c  .J.'I    :. ^ .. z - 

^.. i  . ^ 

sw:icri;n; l.rr.es ,  okn.-'r.-. ;.;^     ; ;u;.or,   ;   .../ '.rr.c.-i,   : 
L'* C .    älu   d'.   OCSl   Gt   1;,'        .'   1    .    . !    jfi'   -". cfil..       !   >.;   IT.. »i i 

secona for prac'ical c^.'.'.j. o', ..,.<•   :...'<<...[ ...:::^.-.     ,.::..    :.. :.:     •/  . -. 
iais  ».i  one '.^  .-vo orcii- rs   ^i ".ü jn»".aui   .'".   ;     '.'.en i   ■   J..^   ^ 
Dounaäry case,    A con.pardo.c  lo GII parallel a^j.m^r. iwr.c n.o'. 
presently IöNC up to ISO rr.U.ibcv. ^:.us ür.a '.he con.plet-j ;>y.,'.c.:. 
quotea earlier may only accept input numbers at  intervals ol 0. 
seconds. 

H 

As pointt-d out earlier,   r.uny ;. a: ^.':...'.rrs allcct < u ;:.i. :.'   .:. . .jirc; 
speea;  tne fluia mediurr.,  absolute pressure !■ vi Is,   , :w( :  .._■.•. .;, , 
physical sizes,  i-tc.    Tnc exarr.pUj for  ::.■   > :■::- rr.r :    ..r.,.._.:,• c. 
already ulilizea very small s^zes.    Accitiorially ,  on».  .".. :..: Cwr.   . ; ■: 
Helium or liydrcjcn as operating tlu.cs ana suit:.,' n.e :...v c   :. :.  .   .. 
to increase signal propagation _ [.<•■ as.    '■ ■ .'.Uitin ;  . junaa.';.   ..J'..^'      :^; 
s^eC'C capaoil.ties migh'. tnus oe improv^'U ;^.''..'.' r uy an JTULI     ; .;.u ;n. 
tude at the expense of exuroitant power con^amption,   .;^c.ül . r .-.-.ent 
designs, anc. exotic packaging ana ^.enpncral construction. 

It seems appropriate to return to reclis'.ic ana pructical c   nu-jpts 
at this stage,  having dwellea on nypotnet.cal cons latrations t.; a 
while.    Crdmary,  general pvarposc devices,   suitable ior m^lLt^c s  o! 
applications of Pure Fluia Systems may De .mprovec to provice .nc.'uast 
cigital data hanalmg speeas. 
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(• C U X . L;\,   A X X  4"» C' * ,   .' i .'■. 1;   .  .      - •■■'.,   ■ ' c .     : ^:'... 

^.'.04 4 o r." * n c:. o 1 a o — v^^. c c: u. ..»  * •      ^4     ^ ^':. L . 

CJ .   po s .s 1 o i t   '4 4j J v ^. ■; c. r c • :    c ^ c   .      cj v. ;". <J 1 ^-1\ * 

aiTipLfier elorr-Lr.ts r^ 1^ 1   L 4 i v 1   1 ; 

...   I-     'v. ^. 4r c»j»4 a r. c  : y... 1 .':.  4 ><; • c    • ■ ' . :.'• ,   4. 
car4 procjct1 irr.prerSiV«   r;.( > c .::.; : i/V. ;:.i : 
It is i.'.'.pcra t .ve ir. ai lo<:j»c ;^:.c'..   i.s ._.■•,  :. i .'lo.'iT. ■ ". .r. p. U.'IJ in.-.,  '■■•■■ rt 
poss i4^1c ana whenever :r.;s rr.i ::.   .; : ■_ ;.u 1:c  ;n : ; . > ^ .rr.p:   ■. ■ : ■ r.:; . 
possible tTiCc shoulc oe cor..', .orcc :^ ö~r.i(_Vf ic.^'er prcci-s: .r. ; ,   :n 
ing approximation metnods for autnrrietic operations, anc ^ara.ici n,. 
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(analog) systerr, funci.or.s.    Tr.eru .s  I.*.:.' 

unsaspected specc davdr.:a;«   .,   or, i a C' ; 
sucn   J direction car. prove protitdül3. 

. 

,,o .     .\   •   :    :.o. 

■ :    . : _ .'.Ci s 

> :,' < J i r. 

v 

categories,  Qt'pfnciri'j  ..,;. ':.<   it . ;'.^r.,, ,■..;   .■ ■•'•• ■ :. 
requiremer.'s anc ':.<■   :.:!.c^lly ^' fuil.iLr. j 'r.i M   : I. 

" ■ o - -v o 

1 i i c a t»w n s    w r. t.' r c s; c L- ü p r c.. c r. t. t   O        f      *    v-,'   - *   '- 

2.    Apphcdtioas    wr.erc cniy L.r.cor.vcntior.o'. dip: 
and exeep.iona i err.pr.ä s is or. ."..(jr. spt'i   ;    pcrcjti   : 
sur. 'ne rec^.iri ncr/.s . 

The first category requires r.o sj-ccial cxpianat.or..    A .■,;.■ .arqe 
applied tun tie Id is  st4ll o^er.,  anc only  lately .".<J5 eq^.; ::.■ ..'. ..■ 
developea tor  such p^rpos« :. .    An • xarr.; ,<■ o:  such ar. c; ; ».cc!. , . ..; 
given in figures 7 and b,  vvr.iCr. : now •,:,-   frun: v.ew ur.c ::.L  r. ^:   . .cw 
(housing removed).respectively, oi d aigital process sequence  control 
system   oreadooard moael.   A numocr o: operations are controllaule in 
any sequence anc m any comoindt.on,  wr.. :e (.acr. operation generates 
a teedoac^- signal on completion,   to initiate turtner sequence steps. 
Tne system is manually prog'ran.mec dr.d operates completely a^tun.ati- 
cdlly thereafter.    Sequencing times ere very lor.; and no speea proolems 
arise. 

Tne secona cdte lorv ol applications covers a multituae o: current 
projects.    ConsiaeroOie eii^rt .^ oem; spent on solvir. j '.r.<    /ar.o^s 
speed proolcms.    A s.n.ple example of Surr, u system is a t'u 
Timer,    Accurate anc vanaole ".iming of operations is requiri 

; iu.c 

c,•, 

v umer 
i; e ~ may fundamentally consist zi o time oase  (oscillator of c 

quency) , ana a frequency uivicer c counter,  one a aecocer.    Vaiiaolc 
elapsec times may oe ootamec oy .mtially setting the counter tc 
particular counts anc aecocmg a fixea comomation.    Alternately,  o 
vanaole decocer may oe used or a numoer of cecocers   (one for every 
time interval).    A como...ätion of sucn methods may olso oe utilizeo. 
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M rufe  I 1^.0 

<-■ ä G O _/ci I 

:äc.i; .-. nicn car. ^f . : ;.... c / t x; 

punchea <_ j:d  (foii | 1 VJU i . jj   . 

K     ,,; _, * .'it.'  üp1--'1 ä*' ^j   Spued Clilcr.c   ■ '.    ".   ':. 

roquiro.Tienls .    H sijr.dl pro^d jai.or.   .■ ..:■.   '...' .,,. ,■        ..:. ■ 
s u IJS id r. t .u 1 ly  ler. s  tr. an '.'.'■ i c ^ Oju'.^on .     F^r'. r.'-rrr. ^i •  ,   '..■     .   • 
the decoder must oe cor.btür.' lor dll   ,•■'.'..:.;    ur. ;    ^., .'o.'-.e. ..y 
I ho rosolu'ion.    »n rr. ar. y Co    ■:; ,   '..T, cr.   a.1, »J'.../    . u ,  ; <;.i 
loop s/stern.    In sucr. C<J.:I ^ ,   ir.c m.l.ui. .:. ^i ^^cc«-. .,.v>   '.;;..: 
lions is dcldyea uy '.r.c j.rwC<.'S;>;n j '.rr.c ur. : -,.■ .jy ■..;:.>   ...    . . . ' 
It cdn oc soon that accuracy U.IG resolutiwr. '.^i c. vui.uw.i   ■.;:.■ . 
also on the total ecläy time, '«vncreäs d i.xec li.T.er c .-ui ; : ■ 
and thus take delays  into account. 

, , < : ■, - 

penes 
ratec, 

It a variable timer is .ntencod, tor .■x.jr.iple, to p.'ov.ci ^ 
tion dnc accuracy ol 0.01 second lor an;, selec'« : < .^pw ; '.... 
and the counter consists ol a numoer z>l sen.jlly ■.. jnnectec en.: 
circuits with a delay time of 1 rrulliseccnc ;. < r .,:dje, u total c 
ripple delay of 10 milliseconds will result fro;:. K. stajeo ol c. 
Th'.s means that a decoded very snort :.me mturval will .^^ '.v.t.. 
specification ano a longer time interval, utiUzi.nj 0 counter o^. 
stages, will ,,e onlw just wnhin tne jpecification. liowc1. ei, . 
are more than 9 stages ana a time interval is to oe cecoceo uti 
moie outputs, the decoder may not ce aole to function anymore 
least significant counter output (resolving O.ul seconc »nterva 
changed before the most significant output provides the correct 
(i.e.,  more than 0.009 seconds  later). 

>ulu - 

. t S   ul 

..er 

f ere 
liz. .ng 
. i ,'.e 

lo) r.as 
s. .na 1 

Therefore,  the logic of such a system r.as to oe oesignea cu:efully 
to cater for such effects,  as have oeen consicerea .r. me snov. n '...".e: 
system.    One way to avoid Lnese effects is tc aelay "ne  less sigr.iiicant 
output signals oy relevant amounts,   sucr. tnat aL ^utp-^t s.jnals ^re 
received oy the ^ecoaer simultaneously.    A ouotraction ol the reswilt.ng 
maximuni celay from tne timer settings has to oe pertormec to prov.de 
tne required accuracies, and total elapsea times snorter tnan the maxi- 
mum system aelay cannot oe utilized. 
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Fig.  7       Front. View Fig. 8     laternal Rear V;«.' 

Auiomatic Digital Sequence Conirol Sysie: ■n-, 

Fig.  9 Pjre Fluid Digital Timer System 
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. ^.JC.^.'...' Co; o '.' ■    _;   iw      ;; 

orGors   -I riia ^ri.'jGi   JIOW* » 'wi J 

. o r L  one 

; Ofu I'TH. 1 CTIJ   all« C'kiJ. j   ..J-C'1 C  Co J.. a .J . ». ' .'   .:   i'.cV'u   ^JCI i'i   C.-^C«-..  : ■    ., 

SUCH as  s.z.ri'j,   pCAVf r   levels,   fluid .'T.'C.u,   ur.G  .,, ;.C circu»' ^<;:.   ;.. 
Two C'XünTiples of ^rac'icol up; i.cot.ortS of Pure Fiu.G ^.,;,:oi Sys'.Lrr.s 
are given. 

It is hoped triat tr.is püi_L.r will encouij';«   .■:.• jr.ii.jiul pürioi".uri( 

specifications and criticcl quesnor.ir.g or sucr. specifications with 
respect to data nandhng speeds witn Pure FljiC Systc.Tis. 
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